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Synopsis 
The fluorescence interaction of lanthanide ions with a number 
of amino acids, peptides and proteins has been investigated. Only 
Tb(III) fluorescence was enhanced by the substances tested. 
Tb(III) fluorescence was enhanced by tyrosine and peptides 
containing both tyrosine and tryptophan but not by tryptophan alone. 
The enhancement by tyrosine and the class A protein ribonuclease A 
was attributed to a collisional interaction, not binding at specific 
sites. Many class B proteins were shown to enhance Tb(III) 
fluorescence but the effect was not necessarily associated with 
vacant metal sites. A detailed study of the fluorescence interaction 
of Tb(III) with con A and porcine trypsin was made. None of the 
systems tested gave the huge Tb(III) fluorescence enhancement at 
small metal:protein ratio shown by transferrin and conalbumin. 
The interaction in these latter proteins involved rare earth binding 
at the Fe(III) sites. The interaction in the other class B 
proteins was probably due to a very complex interaction, possibly 
involv1ng binding at a number of different sites and collisional 
interaction. 
The quenching of tyrosine and ribonuclease A fluorescence was 
fully explicable by a collisional mechanism but the quenching of 
con A and trypsin was complicated by the heterogeneous nature of 
the fluorophores. 
The rarity of the huge Tb(III) fluorescence enhancement by 
transferrin was utilised in the development of a novel method for 
the determination of transferrin in serum. The method compares 
very favourably with the immunodiffusion and electrophoresis 
methods currently in use. 
x) 
The effect of a number of metals on con A fluorescence was 
investigated. Zn(II) >/as found to be unique in enhancing the 
native con A fluorescence. The effect was attributed to 
interaction between the metal ion and tryptophan residues. 
ESCA spectroscopy was used to investigate the indigenous 
Mn(II) in con A. The peaks due to Mn(II) were observable in spite 
of the fact that ~he metal was contained in a large protein subunit. 
The spectrum was compared with a number of prepared manganese 
compounds having well-characterised co-ordination sites. 
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1 • IlITRODUCTION 
1 .1. BACKGROUND TO THE THESIS 
The structure and function of proteins was once 
considered without undue reference to the inorganic ions 
present. More recently it has been realised that metal 
ions often hold the key to the control of a vast range of 
biological processes. New developments in instrumental 
techniques are now being applied to these metal ions. 
In many cases the indigenous metals are substituted by other 
ions with useful spectroscopic or magnetic properties. 
This thesis contributes to this area of work by 
considering the fluorescence interaction of lanthanide 
probes with a number of proteins, peptides and amino acids. 
The interaction was also utilised in the development of 
an analytical method for transferrin. 
Some work on the effect of other metals on protein 
fluorescence was carried out, \ofith particular attention to 
the effect of Zn(II). By contrast,ESCA was used for a 
direct study of a native metal ion in a protein metal site. 
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1.2. GENERAL INTRODUCTION 
1.2.1. Protein strnctnre 
Proteins are large molecules with molecular weights in 
the range ten thousand to one million. Their specificity is 
determined by their chemical structure - the spatial configuration 
of their atoms being very important. The architecture of proteins 
can be discussed in terms of primary, secondary, tertiary and 
quarternary structure. 
The primary structure is the sequence of amino acids. Most 
naturally occurring proteins contain about twenty different types 
of amino acids linked through peptide bonds (Fig. I). 
Fig. I 
Peptide chain 
Where cysteine residues are present their oxidation to 
cystine can provide covalent linkages, between different amino acid 
chains, through disulphide bridges (Fig. 11). 
Fig. 11 
peptide - CH2- S-S-CH2 - peptide 
Disulphide bridge 
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The secondary structure is concerned >Ii th the configuration of 
the protein chain. Hydrogen bonds can be formed between the carbonyl 
oxygen of one chain and the amide nitrogen of another. The bonds are 
individually very weak but collectively make an important contribution 
to the structure. These interactions are involved in the formation of 
c<-helices and IS-pleated sheets which are important structural features1 • 
Attraction or repulsion of charged amino acid side chains ego COOE) 
or tffi3(i) can also affect the structure. 
Tertiary structure concerns the folding of the peptide chain 
(with secondary structure) on itself as a result of all the interactions 
described already, together with hydrophobic interactions between 
aromatic residues and interactions with the solvent (usually water). 
In many proteins non-peptide materials e.g. carbohydrates, porphyrin 
rings or inorganic ions are also present. 
The quarternary structure concerns the subunit structure of 
whole proteins. 
1.2.2. Metal Ions in Protein Systems 
The importance of the involvement of metal ions with many 
proteins has been realised during the last decade. There are two 
main classes of metal-protein system2,3. 
1) l1etalloproteins (including metalloenzymes). Here one or 
more metals are bound at specific sites in the protein. Removal of 
the metal usually requires drastic chemical treatment. 
2) Metal activated proteins. Here the metal is required for 
activity but is not an integral part of the protein structure. It 
can usually be removed by physical separation techniques e.g. dialysiS. 
l1any metal ions are found in biOlogical systems4• Group I 
and 11 and transition elements are essential for the activity of 
certain enzymes. The following examples illustrate the d1verse role 
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of metal ions. 
Sodium and potassium ions are important in the maintenance of 
osmotic pressure in cells, and nerve and muscle sensitivity. The 
magnesium porphyrin chlorophyll is responsible for the fixation of 
carbon dioxide by plants. Magnesium is found complexed with nucleic 
acids in cells: the metal is essential to the activity of many phosphate 
transfer enzymes and in carbohydrate metabolism. 
Calcium is essential for the production of milk, bones and 
teeth. It is involved in the conversion of fibrinogen to fibrin in 
blood clotting. Crystalline o(-amylases contain firmly bound Calcium5 
which is essential for activity. The trypsinogen to trypsin conversion 
also utilises calcium ions6• 
metalloproteins e.g. carbonic 
alcohol dehydrogenase9• 
Zinc is important to a number of 
7 - 8 
anhydrase , carboxypeptidase A and 
Iron is probably the best known transition metal in biological 
4 
systems. The oxygen-carrying protein haemoglobin has two iron-
containing porphyrin rings. The iron atoms are also attatched to two 
of the four chains forming the protein molecule. Iron is found in 
haemerythrin10 , the non-haem oxygen carrying protein of the Sipunculoidia 
and Brachiopoda and in the iron carrying protein transferrin11 • 
Many other transition metals, including manganese, cobalt, copper and 
molybdenum, are essential for the structure and/or activity of a number 
of proteins and enzymes. 
1.2.3. Concanavalin A (con A) 
There has been considerable interest in con A for its ability 
to agglutinate malignant cells while not affecting normal cells. This 
interest has led to considerable work being done on the structure and 
mode of action of this carbohydrate binding protein. Con A has a 
double metal site '1hose structure has been investigated using several 
Pig. 171. 
N 
I Tyr12 C 
C-- '0 
ble J.!ctn Dou Of Con A. 1 Site 
Ser34 H 0--__ H O-C", 
o 2 \ 2 "'Co<: \ '" 
C--O \ Val32 / O\_N Glu B C / 
C/ CC( ~ C 
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techniques. The following description illustrates this and provides 
some background information for work described later in the thesis; 
it is a summary of the results from three papers12- 14 on the X-ray 
crystallographic structure at 2.0 - 2.42 resolution. 
The molecule is tetrameric, its four identical subunits have a 
molecular weight of 25,500 and contain a single polypeptide chain of 
237 amino acids14• Two antipara1lel pleated sheets (/3-structures) 
dominate the structure; one of them being involved in the linkages 
of the subunits to form dimers and tetramers. The absence of cysteine 
residues and ~-helices is noteworthy. 
The carbohydrate binding sites can accommodate saccharides with 
a minimum configuration of 2-deoxy-1,5-anhydro-D-arabino-hexitol. 
Dextrans and glycogen are precipitated on binding to con A. 
The native metal ions, ca1cium and manganese, are 4.32, apart 
occupying a double site in which aspartic acid residues 10 and 19 form 
ligands to both metals (Fig. 111)14. The apoprotein must bind a 
transition metal at the manganese site before it can bind calcium at 
the calcium site. Occupancy of the manganese site is prerequisite for 
the correct positioning of the residues binding to calcium. 
It was thought that both transition metal and calcium ions 
were required for carbohydrate binding15 even although the carbohydrate 
and double metal sites are approximately 232 apart. Conformational 
stabilisation of the carbohydrate binding site is considered to require 
the presence of both metal ions in their sites. 
1.2.4. Methods For the Study of Metal Ions In Proteins 
The data obtained by monitoring changes in some physical 
property when a metal ion or probe binds to a protein is often used 
to measure the number of binding sites and the association constant. 
A direct plot of a signal against the ligand concentration can so~etimes 
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be used to evaluate binding data. A better treatment is to use 
the equation (1) derived by Scatchard16 ,17. 
iiI[L] = K (N-ii) 
a 
-where n is the concentration of bound ligand 
[L]is the concentration of free ligand 
N is the number of binding sites 
Ka is the association constant. 
A typical plot of iiI [L] against ii for equivalent and independant 
binding sites is shown in Fig. IV. Multiple binding gives curvature 
to a less negative slope at higher ii. 
Gutfreund18derived an equation (2) for simple binding by 
considering the fraction of bound en~yme R. This equation may be more 
suitable than (1) for the treatment of some sets of results. 
= 
o 
where CE is the total enzyme concentration 
C~ is the total ligand concentration 
N is the number of binding sites (symbol n used in reference) 
Ka is the association constant. 
Recently, many studies have been made to determine the role of 
metal ions in protein activity. X-ray crystallography provides the 
most detailed and accurate information about the structure of metal 
sites in proteins, as well as details of the conformation of the peptide 
chains. Protein molecules do their useful work (except the structural 
proteins) while rapidly interacting \~ith substrate and solvent molecules 
in solution. Thus, it is necessary to complement crystallographic work 
Fi". IV. 
Methods of Plotting Simple Binding llehaviour. 
Symbols given in Section 1.2.4. 
A. Direct. B. Scntchard (equation (1». C. Gutfreund (e~uation (2)). 
11'1 
N 
[L] ii 
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with solution studies, in order to gain insight into the role of 
metal ions in proteins. 
If the indigenous metal ions have spectroscopic or magnetic 
properties, these may provide information about the metal's environment. 
Studies of the activation of proteins by different metals, chemical 
modification work and pH titrations have all been used to study metals 
in proteins. The following examples illustrate some of the techniques 
used. 
Studies190f the binding of various metals to E.coli alkaline 
phosphatase, assessed by the subsequent ability for zinc ions to 
restore biological activity, indicated that metal ions of radius 
0.72 - 0.992 (irrespective of charge) can occupy the metal site. 
Chemical modification20of the tyrosine residues of chicken 
ovotransferrin implicated these residues in iron binding by this 
protein. Aisen et al~1, used electrophoresis to measure the stability 
constants of the iron-human transferrin complex. Their results 
indicated that the two iron sites were equivalent. 
Equilibrium dialysis22 has been used to study the specificity 
of con A-metal ion interaction,and the binding constants for a number 
of metals obtained. Potentiometric titration and chemical modification23 
of con A has indicated that two histidine residues are side chains to 
the transition metal binding site. 
Tullis and Price24have studied the effects of calcium and 
magnesium on the u.v. spectrum of bovine pancreatic deoxyribonuclease 
A. The positive u.v. difference spectrum obtained indicated that the 
binding of metal ions affected the aromatic amino acid residues' 
environment. Spectrophotometric titrations and solvent perturbation 
studies were used to study these residues. 
Ikemoto et al~5,have considered the interaction of various 
cations with a metal binding protein of the sarcoplasmic reticulum. 
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Equilibrium dialyses, fluorescence and u.v. difference spectral 
titrations indicated that the protein has binding capacity for up to 
55 metal ions per mole. 
E.s.r. has been used to study the Mn(II) site of con A26 ,27. 
The results showed that the transition metal site had low co-ordination 
symmetry. The binding of Ca(II) affected the spectrum but binding of 
saccharides did not. Barber and Carver28 studied the water proton 
relaxation enhancement properties of con A. Their results indicated 
that the addition of excess Ca(II) caused the folding of a loop of 
residues over the Mn(II) site and prevented the access of water to that 
site. 
1.2.5. Probes for Hetal Sites in Proteins 
Useful information about a protein metal site can often be 
obtained by replacing the native metal by an ion with outstanding 
spectroscopic or magnetic properties. A metal can only be usefUl as 
a probe if it can occupy the same site as the original metal. The 
retention of biological activity with the new metal occupying the site 
is a good test of this. When considering potential probes the ionic 
radius and stereochemical preferences of the metal should be taken 
into account. 
Reviews by Williams29 and Birnbaum et al~O discuss a number 
of metal ion probes. Perkins31 studied the binding of a number of 
metal ions to transferrin. Manganese(II) has recently been used as 
an e,s.r. probe replacing zinc(II) in a number of proteins32 • 
Lanthanides have been considered2,~ potential paramagnetic, 
Mossbauer and spectroscopic probes for calcium. Lanthanide(III) 
forms similar c9mplexes to calcium(II) but being triply charged it 
would be expected to bind more strongly. The rare eartha with their 
gradual decrease in size along the series could be used to study the 
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dimensions of protein metal sites. 
In 1970 Birnbaum and co-workers30 proposed the use of rare 
earth ions as electrostatic probes of binding sites in proteins. 
They made difference spectral measurements on the binding of neodymium(III) 
to bovine serum albumin (BSA) and by comparison with similar measurements 
on amino acid - Nd(III) systems suggested that the lanthanide was 
bound at a carboxylate group, not a protonated amino or imidazole 
group. They also suggested that rare earth ions would be applicable 
to C.D., e.s.r., n.m.r. and fluorescence studies of protein binding 
sites. 
Rare earth ions substituted for calcium at the metal site of 
thermolysin have been used as heavy atom derivatives in the X-ray 
crystallographic study of this protei~4,35. Little perturbation of 
the enzyme was found. Conductivity studies36 on the binding of 
lanthanides to ribonuclease A indicated that europium(III) was bound 
at several sites. 
Birnbaum et al~7,38 have shown that rare earth ions can activate 
~-amylase and that a counter-claim39 that lanthanides form abortive 
complexes with the enzyme was only valid in the presence of a large 
excess of lanthanide ions under specific buffer conditions. 
Birnbaum's group40,41 have also consider~d_the_use of lanthanides 
as replacements for calcium(II) in the catalysis of the conversion 
of trypsinogen to trypsin. At low concentrations the lanthanides were 
more effective activators than calcium(II); but at high lanthanide ion 
concentration no activation was observed. Nuclear relaxation techniques 
in conjunction ,<ith crystal structure considerations have indicated 
that aspartic acid 194 and serine 190 are probable ligands of the metal 
ion. 
Spectrophotometric titration work42 on the binding of lanthanides 
to staphylococcal nuclease have shown that rare earth binding causes 
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perturbation of the tyrosine u.v. spectrum. Kinetic data indicated 
that the lanthanides were competitive inhibitors of calcium(II) for 
the metal site. 
Gadolinium(III)43was used in a study utilising e.s.r., 
Mossbauer and optical techniques to show that the two iron-binding 
sites of conalbumin (a protein whose metal sites are similar to those 
of transferrin - see below) were not equivalent. Gadolinium(III)44 
has also been used as a paramagnetic probe for binding studies of BSA. 
Enhancement of the proton relaxation rate of '-later by the protein-
gadolinium complex, compared with that observed for the free metal in 
solution, indicated that BSA has four Gd(III) binding sites. 
Binding of Gd(III) to adenosine triphosphate (ATP) bound 
pyruvate kinase caused enhancement of the water proton relaxation rate. 
Scatchard plots45(see section 1.2.4) were used to determine the number 
of binding sites. The results showed that many metals could be bound 
to the site and that the metal ion '-Ias involved in ATP binding. 
The activity of adenylated glutamine synthetase46was enhanced 
by the binding of neodymium(III). E.s.r., n.m.r. and difference 
absorption spectral measurements have been used to study metal ion 
binding and the nature of the binding site environment. 
Dwek and co-workers 47 studied the binding of_samarium(III) 
and paramagnetic gadolinium(III) in conjunotion with spin labels to 
glyceraldehyde-3-phosphate dehydrogenase. They have shown that the 
metal ion is located close to the spin label sites. Solvent water 
relaxation rate studies indicated that the spin labels were about 
o . 15 A from the metal l.on. 
1.2.6. The Fluorescence of Proteins. 
When a molecule is excited by light the energy acquired may be 
dissipated by a number of processes. A number of molecules can return 
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to the ground state by emission as short lived (10-5-10-8sec) 
fluorescence or longer lifetime (10-3-103sec) phosphorescence. 
Fluorescence involves states of the same multiplicity. Emission is 
usually from the first excited singlet state Si to the ground state. 
Emission by phosphorescence involves transitions betl<een states of 
different multiplicities, most commonly from the 10l<est triplet state 
48 T1 to the ground state • 
The amino acids tryptophan, tyrosine and phenylalanine (Fig.V), 
are the sources of luminescence in proteins. The fluorescence properties 
Fig. V 
Q-CH-CH-CW 
2 I <:lJ 
NH3 
Phenylalanine 
Tryptophan 
0- El HO CH - CH- COO 2 I 
NH e 3 
Tyrosine 
The aromatic amino acids 
of these aromatic residues has been discussed along with their 
contribution to protein fluorescence49 ,50• In proteins containing 
tyrosine and phenylalanine, but no tryptophan (Class A proteins), 
fluorescence spectra characteristic of tyrosine are observed. In 
proteins containing tryptophan, in addition to the other two 
fluorophores (Class B proteins), the fluorescence spectra resemble 
tryptophan emission. It is thought that energy absorbed by tyrosine 
may be transferred to tryptophan residues and that many radintionless 
energy transfer mechanisms operate in protein and peptide systems. The 
fluorescence of proteins is also modified by the presence of other 
groups, which can cause fluorescence quenching. Studies of the long 
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range energy transfer in proteins has been used to consider the distances 
51 between chromophores • 
There have been several investigations of the effects of metal 
ions on protein fluorescence. The quenching of tyrosine, tryptophan 
and serum albumin fluorescence by copper has been used to measure 
the distance of the metal binding site from the aromatic residues52• 
Similarly, the effect on the fluorescence of the binding of copper 
and iron to the transferrin metal sites has been considered using 
Forsters theor~3. According to this theory the efficiency of energy 
transfer is inversely proportional to the sixth power of the distance 
between chromophores and their relative orientations. Quenching--
of the tryptophan fluorescence on the interaction of Fe(II), FeCIII), 
Cu(II), Zn(II), Mn(II) and Cd(II) with apoovotransferrin has pointed 
to the non-identity of the two sites54• The fluorescence quenching 
of yeast inorganic pyrophosphatase by metals has been considered55,56. 
The reversible quenching caused by europium(III) addition has been 
interpreted as due to binding at the active site whereas irreversible 
quenching by other metals was reported as being due to denaturation. 
1.2.7. The Fluorescence of Lanthanides 
Few inorganic compounds are fluorescent. A number of 
lanthanides have sharp, weak u.v. excitation maxima arising from 
electron transitions between f levels57• Excitation of rare earth 
compounds at these u.v. maxima gives rise to fluorescence. This 
fluorescence is not usually very intense but when lanthanides are 
cOMplexed with certain types of donor, intramolecular transfer of 
exci tation energy (II1ET) can occur 48. \-!here donor and acceptor quantum 
levels overlap, excitation of the complex at the donor excitation 
wavelength results in emission of enhanced fluorescence characteristic 
of the lanthanide. These enhanced fluorescence spectra have been used 
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as the basis of sensitive analytical methods for the determination 
of lanthanides, especially europium, terbium and samarium, usually 
with substituted diketones as donors58- 61 • 
1.2.8. The Enhancement of Lanthanide Fluorescence by Protein Systems 
In 1971 Luk62 pUblished a paper on the use of lanthanides as 
probes for transferrin. U.v. difference spectroscopy showed that there 
were two specific sties for Tb(III), Eu(III), Er(III) and Ho(III); 
and one specific site for the larger Nd(III) and Pr(III) ions. 
Two tyrosyl residues were involved at each Tb(III) binding site. 
The binding of Tb(III) to the protein ~las accompanied by a huge 
increase (by a factor of approx.105 times) in the Th(III) fluorescence, 
when the solution was irradiated using the excitation maximum of the 
protein. The phenomenon was assumed to involve intra-molecular energy 
transfer from tyrcrsine residues to Tb(III) occupying the specific 
metal sites. Fluorescence titrations of transferrin with Tb(III) 
showed that Tb(III) fluorescence enhancement reached a maximum when 
two moles of Tb(III) were added per mole of transferrin - further 
evidence for interaction at two specific metal sites. 
Spectrophotometric work63 on the metal sites of human 
lactoferrin utilised the terbium-bound protein in studies of the 
- - - - 64 tyrosine ligands at the active site. Gafni and Steinberg used 
circular polarisation of luminescence to study terbium substituted 
transferrin. Their results indicated that the two iron sites were 
equivalent in structure and conformation. 
Pauli65considered that the enhancement of lanthanide fluorescence 
by biopolymers might be used in micro-spectrophotometry. Several 
tryptophan degredation products have been shown66to enhance lanthanide 
fluorescence; although tryptophan itself did not. 
Since the present work was started, several papers on the 
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enhancement of lanthanide fluorescence in protein systems have been 
published. These will be discussed more fully and compared \nth the 
present study later in this thesis. 
Sherry and Cottal1) 67 studied the binding of I1n(II), Cu(II) and 
Gd(II) by electron paramagnetic resonance, the effect of binding of 
Gd(III) on the \1ater proton relaxation rate and Tb(III) fluorimetric 
titration of apocon A. Their water proton relaxation rate studies 
indicated that there were two Gd(III) binding sites per subunit. They 
found that the apoprotein enhanced the fluorescence of Tb(III): they 
worked at pH 5.6 where the protein exists in the ' dimer' form in 
~lhich two subunits are linked (11\1=53,000). A Scatchard plot of the 
fluorescence enhancement data indicated that there \iere t\10 weak 
Tb(III) binding sites (I), = 270! 50) and t\10 stronger Tb(III) binding 
sites (Kn = 50:!:15) per' diMer '. The results for the \1eak binding 
sites were claimed to be more reproducible than those for the strong 
sites. An aromatic amino acid was bound in the first co-ordination 
sphere of the weak sites whereas the stronger sites were further from 
any aromatic residues and thus energy transfer would be less efficient. 
The stronger sites were identified as transition metal sites and the 
weaker sites as calcium sites. 
Epstein and co-workers68 studied the binding of lanthanides and 
divalent metal ions to porcine trypsin. Their \1ork included a study 
of the Tb(III) fluorescence enhancement by the protein. They obtained 
a 105-fold enhancement and plotted a normalised Scatchard plot according 
to equation (3). 
(3) F/ [Tb] free = (FoO 1Kn) - (FIKn) 
where F is the measured fluorescence intensity 
Fao is the fluorescence at infinite Tb(III) concentration 
is the dissociation constant of the Tb(III)-trypsin 
complex. 
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In equation (3) F/Fco replaces the usual term bound ligand/ 
total protein. As a result F/Tb plotted aeainst F would intercept 
the abscissa near unity even if more than one site nere involved. 
A plot of F/ [Tb 1 versus F gave a straight line typical of equivalent 
and independent binding sites and obtained an intrinsic Tb(III) 
binding constant of 880 11-1 • Loss of Tb(III) fluorescence enhancement 
on displacement of Tb(III) from the protein metal binding site was 
used to calculate the binding constants of other metals. The pH 
dependence of Tb(III) fluorescence enhancement by try9sin was interpreted 
as indicating that Tb(III) bound to carboxylate side chains of the 
protein. Since maximum fluorescence enhancement was obtained using 
295= as the exciting wavelength it \1aS assumed that TI1ET involved 
tryptophan not tyrosine and that the 21% loss of native trypsin 
fluorescence obtained on Tb(III) binding \Tas due to quenching through 
energy transfer to the rare earth. 
The enhancement of Eu(III) and Tb(III) fluorescence by the 
receptor sites of garfish olfactory nerves has been observed669and 
a study of the fluorescence associated with nerve firing made. Work 
has also been done70 on the purified acetylcholine receptor from 
TOrpedo californica. Acetylcholine binding sites (4.0 x 10-711) 
gave a twenty-fold enhancement of Eu(III) fluorescence and a seventy-
fold enhancement of Tb(III) fluorescence when treated with a hundred-
fold excess of the appropriate lanthanide. 
Tb(III) fluorescence enhancement by erythrocyte ghosts has been 
observed71 • The results indicated that tyrosine to Tb(III) energy 
transfer took place ~ath concomitant quenching of the native (tryptophan) 
fluoresc enc e. 
Lanthanides were found to replace oa(II) in parvalbumin B72. 
Enhancement of Tb(III) fluorescence vlaS observed and attributed to 
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energy transfer from phenylalanine. In the related protein troponin 
C containing a tyrosine residue in an analogous position to the 
relevant phenylalanine in parvalbumin B, energy transfer from tyrosine 
to Tb(III) was considered to effect lanthanide fluorescence enhancement. 
In a paper73 on affinity chromatography of the venom coagulant 
protein of Vipera russelli, lanthanides were found to compete for 
the Ca(II) sites on bovine factor X, facilitating the formation of a 
non-productive ternary complex with the venom protein. Tb(III) 
fluorescence was enhanced 10,OOO-fold by factor X. 
Enhancement of Tb(III) and Eu(III) fluorescence by DNA and transfer 
ribonucleic acid (tRNA) has been observed74, 76. The quenching,·of .. _ 
indole fluorescence by lanthanides has been explained by a dynamic 
energy transfer mechanism77• 
1.2.9. X-Ray Photoelectron Spectroscopy Applied to Metal Sites In 
Proteins 
As exemplified in earlier pages, X-ray crystallography, 
spectrascopic and magnetic techniques have often been used to study 
proteins and their interactions with other molecules. As new physical 
techniques become available it is often worthwhile to consider their 
application to biological systems. A technique that has recently 
grown in importance is X-ray photoelectron spect;~~~~~y (ESCA)78-80 
The technique examines core-electron binding energies and should 
be applicable to most elements in the periodic table. During the last 
few years, data on the electron binding energies of many elements in a 
number of different co-ordination sites has been obtained. Application 
of ESCA to metal atoms in proteins and interpretation of the results by 
comparison I<i th chemical shifts of metals in simpler compounds may 
give insight into the metal site environment in proteins. 
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A problem likely to be encountered is that there are usually 
few metal atoms ~~ong thousands of other atoms and this can result 
in a very ~Ieak signal being obtained. This may be overcome by 
irradiation of the sample for several hours. However, it must be 
borne in mind that proteins may be sensitive to the radiation and 
could be damaged and structurally altered by drastic bombardment. 
The technique has been applied to a few protein metal sites. 
. 81 82 ESCA work on erythrocupre1n ' has been compared \dth results for 
metal-amino acid complexes. The lower intensities obtained with the 
proteins compared with the simpler complexes have been said to result 
from the position of the metal atom being buried under, rather than on, 
the protein surface. The binding energy differences obtained have been 
interpreted as being due to metal-metal interactions in the protein. 
ESCA has been used to study iron in ferrodoxins83 ,84 and 
to compare copper and zinc amino acid complexes \d th superoxide 
dismutase85• Here again, a loss of intensity ~Ias interpretated as 
indicating that the metal was located in the interior of the protein. 
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1.3. AIHS OF TIlE PRESENT IIORK 
I1I1en the present work was started,Luk62 had published his 
paper on the enhancement of terbium fluorescence when it was bound 
to the iron sites of transferrin. At that time no other studies of 
the enhancement of lanthanide fluorescence on binding to proteins had 
been published. 
The aim of the present work was to investigate the binding of 
lanthanides, with fluorescence properties, to proteins. It was hoped 
that these rare earths would bind to specific metal sites in proteins 
and that enhancement of the native rare earth fluorescence would 
be observed and that this \10uld give some insight into the environment 
of the protein metal binding sites. 
The project aimed to look at a number of proteins and to try 
to draw some conclusions about the type of protein system required 
to produce lanthanide fluorescence enhancement. If the criteria for 
the effect could be established it could be used to gain information 
about other proteins whose structures were less well known. 
The proteins chosen for the initial \10rk were those that were 
readily available and \1hose structure was fairly well known, through 
investigation by other techniques. These proteins were USUally small 
(MW (100,000) and relatively stable. 
Since lanthanides have proved to be useful probes for calcium, 
it was decided to include calcium binding proteins in the initial \~ork. 
It was hoped that fluorescence titration studies and pH dependence work 
on lanthanide-protein systems might give information on the number and 
nature of protein metal sites present. 
In order to investigate more thoroughly which aromatic amino 
acids could be involved in IllEr to lanthanides, studies were to be 
undertaken to establish which simple amino acids and peptides could 
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give rise to the effect. If any enhancement effect was observed in 
these systems the effect of local structural features on it could be 
observed. 
It was also intended to consider the excitation of enhanced 
lanthanide fluorescence by proteins to get further information 
about the protein environment favouring the Ilr8T process. 
During the initial studies on con A, Dr. Michael Thompson 
suggested that investigation of its metal site interactions might be 
facilitated by an ESCA study of the manganese site. He proposed a 
comparison of the ESCA binding energy of MnCII) in con A with a number 
of simpler manganese complexes, to provide inforMation on the 
co-ordination of the manganese in the protein. 
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2. EXPERIHENTAL 
2.1. INSTRm~TATION 
2.1.1. Absorbance Measurements 
The measurements of absorbances of solutions at fixed 
wavelengths were routinely made on a Unicam sp600 spectrophotometer 
fitted \11th tungsten and deuterium lamps. Where continuous spectra 
were recorded Unicam sp8000 or sp800 instruments were used. Measured 
absorbance values usually lay between 0.2 and 0.7: however, solutions 
were often diluted prior to subsequent fluorescence readings. 
2.1.2. Fluorescence Heasurements 
In the initial studies fluorescence spectra were recorded on 
a Fluoripoint spectrofluorimeter. Later a more sensitive Fluoricord 
instrument became available and this was used for most of the more 
detailed work. The measurements made at 77 K utilised a Fluorispec 
instrument connected to a Bryans (Mitcham, Surrey) 26000 recorder. 
All the instruments used were obtained from Baird-Atomic Ltd; 
Braintree, Essex and had a similar configuration. 
Radiation, from a 150 watt high pressure xenon arc source, 
was passed through a blazed monochromator and_fo~ussed by slits, at 
right angles to the face of a 1 cm silica fluorimeter cell containing 
the sample solution. The emitted radiation perpendicular to the 
incident light beam was passed through further slits and a second 
double grating monochromator, blazed at 500nm, before being detected 
by a photomultiplier. The photomultiplier output was either shown 
on the meter or more usually passed to a Bryans 27000 recorder. In 
the Fluoripoint and Fluorispec instruments the wavelengths were 
scanned from the \?avelength drive in the main instrument but in 
the Fluoricord instrument the \?avelength drive was controlled from 
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the recorder. Yhen required the emission monochromators were checked 
using the 436,405,365 and 313nm lines from a mercury discharge lamp 
and the excitation monochromators by observation of the relative 
positions of the scatter peaks. 
The two slit settings of the Fluoripoint instrument gave 
fluorescence intensities with half band~lidths of 9 and 18nm. The 
Fluoricord had two sets of slits on either side of the cell 
compartment giving a choice of fluorescence intensity half bandwidths 
between 2 and 32nm. Where precise wavelength measurements were 
required the slits were made as small as possible consistent ,iith 
the fluorescence intensity measured. Ifhere only the fluorescence 
intensity of a small signal was required slits up to 20nm were 
employed. 
Ifhen measurements of small fluorescence intensities at 
wavelengths above 450n1)l \~ere made a glass cell filled ~lith acetone 
~Ias placed in the emission beml1 after the first set of slits on the 
emission side. This was to prevent interference from second order 
scattered light: it Was not used for any >lork involving emission 
wavelengths below 450nm. 
In studies of the effect of temperature on fluorescence 
intensity, the conventional cell was replaced by one of the same 
external dimensions but containing a sa'l1ple compartment and a 
separate cha'l1ber through which >later of the appropriate temperature 
could flow. Measurements at 77 K were made on glasses contained 
in a thin-,~alled silica tube inside a De'-Iar filled with liquid 
nitrogen. The Dewar was housed in the Fluorispec cell compartment 
and set up as described by King86 (>lithout the rotating can 
phosphoroscope). 
All spectra measured \1ere uncorrected for the >lDvelength 
dependence of the la'l1p output and photomultiplier response. 
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2.1.3. pH 11easurements 
The pHs of solutions used in the experimental work were 
measured on a Pye-Unicam pH meter fitted with an E07 combined calome~ 
glass electrode. The instrument response was checked before use 
with buffer solutions made from pH 4.15, 7.0 or 9.2 buffer tablets. 
2.1.4. Atomic Absorption Measurements 
~1here the metal contents of protein solutions were measured 
a Hilger and Watts Atomspek instrument was used. The instrument 
settings taken from the manufacturers handbook and,shown in Table 1 
were employed. 
Table 1 
Atomspek Instrument Settings 
Calcium 11anganese Iron 
Wavelength (nm) 422.7 279.5 248.3 
Lamp current (mA) 5 15 20 
Sli t \ddth <pm) 30 20 20 
Acetylene flowmeter 2.4 2.2 2.3 
Air flowmeter (1) 12.5 12.5 12.5 
Air flOl-nneter (2) 6.0 3.6 6.0 
Burner type H1164 H1164 H1164 
Burner height (cm) 1.0 5.0 1.5 
Range (ppm) 0-10 0-10 0-20 
Sensitivity (ppm) 0.05 0.06 0.08 
2.1.5. Travelling Microscope and Planimeter 
An L76 Photomeasuring ~licrometer (Hilger and Watts) was 
used to measure the diameters of the immunodiffusion circles in the 
determination of transferrin (Section 2.5.2). 
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Where peak areas of spectra were measured an Allbri t 
planimeter No:23973 was used. 
2.1.6. ESCA Spectra 
The ESCA spectra were recorded by Dr. A.D. Baker of Queens 
College of the City University of New York. A McPherson Instrument 
Corporation ESCA 36 instrument using I1gKoc.1 ,2 radiation was employed. 
The samples were examined as powders pressed into an aluminium 
sUbstrate. The manganese photoelectron region of the protein was 
scanned for a period of 4.5 hr and peak positions were converted 
to binding energy values by using the Au 4f7/2 peak at 84.0eV as 
a standard87• 
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2.2 lL<\TERIALS 
2.2.1. Proteins and Enzymes 
The sources of the proteins and enzymes used are shown in 
Table 2. Unless otherwise stated in the methods (Sections 2.3 -
2.6) they were used as purchased. 
2.2.2. Peptides and Amino Acids 
The materials D,L-kynurenine, gramicidin J and bacitracin (zinc 
free) tyrosyltyrosine, tryptophyltyrosine, poly-L-tyrosine, 
iodotyrosine, aminotyrosine, dopa, glycyltyrosine, tyrosylglycine, 
glycyltryptophan and tryptophylglycine were obtained from Sigma. 
Tyrosyltryptophan was obtained from Mann Research Laboratories, New 
York. The aromatic amino acids tryptophan, tyrosine and phenylalanine 
were purchased from Sigma. The L-isomers were used, without further 
purification, unless otherwise stated. 
2.2.3. Other l!aterials 
Most of the routinely available chemicals used \1ere A.R. 
grade. The hydrochloric acid used in the preparation of buffers was 
B.D.H. Aristar Grade. General purpose grade ~-disubstituted benzenes 
and zinc chloride were used as the A.R. quality was not available: 
general purpose grade reagents were used in some of the preparations 
of manganese compounds (Section 2.7). 
The lanthanides Dy(III), Ho(III), Er(III), Eu(III) and Nd(III) 
11ere used as hydrated chlorides obtained from Rare Earth Products 
Ltd. Tb(III) C136H20 was obtained from Alfa Inorganics. 
The zwi tterionic buffer materials ~lhose names and formulae 
are given in Table 3; BICINE, TRICINE, HES, MOPS and PIPES were 
obtained from Sigma and A.R. grade TRIS from Fisons. 
Standard serum, batch 1672, containing a certified 3.4mg 
transferrin per 1.0ml was purchased from Hoechst Pharmaceuticals, 
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Germany. Other sera Here given to the department by Dr. lI. George 
of Derby Royal Infirmary. Rabbit immunoglobulins to human transferrin, 
lot 033, were obtained from DAKOPATTS A/S, Denmark. Electrophoresis 
grade agarose from B.D.H. and 60cm2 petri dishes from Sterilin 
Products, Richmond, Surrey were used. 
Water, triply distilled from glass apparatus was used for the 
preparation of all the solutions used in the fluorescence Hork. 
Sartorius membrane filters made from cellulose nitrate and 
fitted into syringe adaptors were used to filter protein solutions. 
Dialysis was carried out using Visking 20/32 tubing. 
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Table 2. 
Source of Proteins and Enzymes Used In the Present Ilorlf 
Protein or Enzyrye 
Apotransferrin 
Apoconalbumin 
Conalbumin 
X-globulin 
o-globulin 
"'-lactalbumin 
Ovalbumin 
Serum albumin 
Serum albumin 
Thyroglobulin 
Fibrinogen 
Lysozyme 
Papain 
Insulin 
Pepsin 
Ribonuclease A 
Carbonic anhydrase 
O{-amylase 
Alcohol dehydrogenase 
Cytochrome C 
Ceruloplasmin 
Apoferritin 
Source of Supply 
Human Hoechst Pharmaceuticals Ltd, Germany 
batch 1672. 
Hen's egg Sigrna Type I lot 11C-8090 
Hen's egg Sigrna Type II lot 18B-8050 
HUman fraction II Miles lot 82310 
Bovine Cohn Fraction II lot 6:;c - 1620 
Koch-Light lot 53387 
Hen's egg Sigrna Grade V lot 3:;c-8345 
Human Hoechst Pharmaceuticals Ltdj Germany 
batch 4464 
Bovine Sigrna lot 71C - 8050 
Bovine Sigrna Type.I lot 83C-8160 
Bovine Sigrna Fraction I Type lot 122C-2520 
Hen's egg Sigrna Grade I lot 93C-8OOO 
Papaya latex Sigma lot 71C-8090 
Bovine Sigrna lot 121C-1350 
Porcine Sigma lot 38B-04oo 
Bovine Sigrna Type IA lot 72C-1440 
Bovine Sigrna lot 21C-8160 
Bacillus subtilis sigrna Type IIA lot 51C -
0120 
Yeast Sigma lot 101C-8730 
Horse heart Sigrna Type VI lot 72C-7160 
Human Sigrna lot 893-0571-4 
Horse spleen Miles lot 12-1 
cont/d 
Frotein or Enzyme 
Concanavalin A 
Trypsin 
Trypsin 
Trypsinogen 
"'-chymotrypsin 
«-chymotrypsinogen A 
IgG 
Haemerythrin 
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Source of SUpply 
Jack bean Pharmacia, Uppsala Several batches 
Bovine Sigma Type IX lot 92C-1550 
Porcine Sigma Type III lot 93C-1211-8 
Bovine Sigma Type I lot 48B-0500 
Bovine Sigma Type I1 lot 92C-8120 
Bovine Sigma Type II lot 111C-8170 
Human Miles lot 21 
Golfingia gouldii Gift from Prof. R.G. 
~lilkins, Neu Henco State University. 
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Table 3 
Formulae of Zwitterionic Buffers 
Buffer 
TRIS 
BICINE 
TRICINE 
HOPS 
}lES 
PIPES 
Table It 
Formula 
(2-amino-2-(hydroxymethyl)propane-1,3diol) }lli2C(CH20H)3 
(N-II-(Bis-2-hydroxyethyl) glycine C6H13N0It 
N-( (Trishydroxymethyl)methyl) glycine (CH20H) 3C .NH.CH2COOH 
3-(N~1orpholino)propanesulphonic acid C?H2~0ItS 
2-(N-Horpholino)ethanesulphonic acid C6H13N0ItS 
Piperazine-}!N'-bis(2-ethanesulphonic acid) CaR18N206S2 
pH ran%e of Buffers 
Buffer pH Range 
TRIS:HCl 7.1-8.9 
Phosphate 6.0-8.0 
Bicarbonate 9.2-10.8 
Borate 8.0-10.0 
Acetate 3.7-5.6 
BICINE 7.8-8.8 
TRICINE 7.6-8.8 
MOPS 6.5-7.9 
NES 5.8-6.5 
PIPES 6.2-7.2 
Reference to pH Range and Preparation 
Ref. 89 p49It and 86 
Ref.88 Section 11 table I1 
Ref.89 p496 
Ref.88 Section 11 table IV 
Ref 89 p487 
Ref.90 and Section 2.3.2 
11 11 
11 
" 
" " 
" 
11 
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2.3. GENERAL PROCEDURES 
2.3.1. Preparation of Glassware 
Glassware was cleaned using concentrated nitric acid or 
methanolic potassium hydroxide (10% KOH). It ~las rinsed with distilled 
water followed by an appropriate buffer solution before use. 
U.v. and fluorescence cells were cleaned with nitric acid only. 
After cleaning, they were filled with solution similar to that to 
be used in subsequent measurements and allowed to 'condition' 
for at least 0.5h, before being filled with fresh solution for the 
actual readings to be made. 
2.3.2. Preparation of Buffers 
Buffers were usually made up as 0.111 solutions. Hore dilute 
buffers were obtained by diluting the stock solution appropriately. 
The literature recipes used for making the buffers and their 
effective pH ranges are shown in Table 4. 
TRIS, BIClNE, TRICINE, lillS, IIOPS and PIPES are a'11ong a series 
of zwitterionic buffers developed for biological research90• 
BIClNE, TRICINE, HES and llOPS were dissolved in water (to 
0.211) and a potentiometric titration curve, on the stepHise addition 
of sodium hydroxide solution (0.2N), plotted. This curve was used 
as the basis for the preparation of the buffers which l~ere diluted 
(to 0.111) and the pH rechecked before use. PIPES ~Ias insoluble in 
distilled water. It was suspended in water (0.1 mole:400 ml), 
sodium hydroxide solution (510 lias slowly added and pH changes 
monitored on a pH meter. Ifhen the solution had reached the required 
pH and all the solid had dissolved it ~/as diluted (to 5OOml) and the 
pH rechecked. 
2.3.3. Protein, Peptide and Am1no Acid Solution Preparation 
These materials Here dissolved in the appropriate buffer and 
if not completely clear, the solutions were filtered through Sartorius 
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membrane filters (13mm:0.2p.pore size). The absorbances of the 
solutions at an appropriate ;/avelength were used in conjunction with 
the literature extinction coefficients given in Table 5 to determine 
the concentration of the solutions. Protein solutions were never 
heated above room temperature or agitated violently; they were 
always made on the day of use. 
Table 5. 
Literature Extinction Coeffs. of Proteins and Amino Acids 
Protein Extinction Coefficient Reference 
Transferrin E If -1-1 (278nm) = 9.23 x 10 1.mol cm 62 
Concanavalin A £ 1%1cm(280nm) = 12.4 91 
Porcine trypsin f:. (280nm) 3.51 4 -1-1 68 = x 10 1.mol cm 
Ribonuclease A C (278nm) 9.69 3 -1 -1 92 = x 10 1.mol cm 
Tyrosine £ (275nm) 1400 -1 -1 93 = 1.mol cm 
Tryptophan t:(280nm) -1 -1 93 = 5500 l.mol cm 
2.3.4. The Use of Hetal Ions in Fluorescence Studies 
Hany of the experiments involved the addition of solutions 
of metal ions to a bulk solution contained in a fluorimeter cell. 
Where measurements were made using only one metal ion concentration 
the metal was added before the mixture \;as placed in the fluorimeter. 
HOI.,ever, ;rhen fluorescence titrations \<ere required, the metal 
ions ;rere added directly to the fluorimeter cell without removing it 
from the instrument. Additions were made using a Hamilton syringe 
(5,10 or 5Opl). A stirrer constructed from a melting point tube 
and a piece of p.v.c. tUbing as shown in Fig. VI was used to mix the 
solution. 
In the early stages of the work some experiments were done in 
which the metal ion tofas added and mixed in a separate vessel. This 
\.,as found to be less satisfactory due to losses on transference of 
the solutions. 
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The stock solutions of octal ions used for the additions 
were usually solutions of the oatal chloride (sulphates of zinc and 
manganese were also used) in hydrochloric acid (10-4M). Metal 
salts which did not readily precipitate hydrated oxides were dissolved 
directly in water. 
Fig. VI 
p.v.c. glass 
8 mm-I 
) 
50 mm 
Ring stirrer 
2.3.5. DeterMination of: !-Ietal Contents 
The effectiveness of protein demetallisation procedures was 
checked by determining the metal contents of the protein solutions 
before and after demetallisation. The determinations were made 
directly on the buffered protein solutions and also after ashing 
with acid. In both cases the metal contents were compared with 
standards of analogous pH and salt content. -----
The ashing was carried out as follows:_94 The protein 
solution was evaporated to dryness in a 7" pyrex test tube. 
Sulphuric acid (conc: O.2ml) was added and the mixture heated until 
black. The tube was removed from the heat and nitric acid (conc:0.2 -
0.4ml) was run down the side of the tube. The mixture was boiled 
until pale yellow and then diluted (to 5ml) with water. 
2.3.6. Demetallisation of con A 
\fuere demetallised con A was required for measurements it 
was obtained using the following method15• Con A (10mg per ml) was 
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dissolved in hydrochloric acid (lH). The mixture (usually 2-3ml) 
was placed in dialysis tUbing (~Ihich had previously been treated 
by boiling in sodium EDTA solution (millimolar» and dialysed 
against ~Iater (3 x 30Oml:18hr). It was dialysed further against 
the buffer (2 x 30Oml:8hr) to be used in the subsequent fluorescence 
work. 
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2.4. HErHODS USED FOR PROTEIN SYSTE/1-LANTP..ANIDI: FLUORESCE/ICE STUDIES 
2.4.1. Native Fluorescence Properties of Lanthanides 
The native fluorescence of the lanthanides was measured using 
solutions (0.2M) of hydrated lanthanide chlorides in water on the 
Fluoripoint spectrofluorimeter used at maximum sensitivity. The 
excitation maxima were chosen by examining the u.v./visible spectra 
and finding the wavelength position of the small sharp absorbances. 
The pH dependence of Tb(III) fluorescence was examined using 
Tb(III)(10-2M) in hydrochloric acid (10-4M) and titrating the 
solution with sodium hydroxide (0.1H aliquots). The fluorescence 
inter~ity of Tb(III)(10-2M) in a range of acetate and TRIS:HCl 
buffers (pH range 4 to 9) was also measured. An excitation maximum 
(Ae) of 355nm and emission maxima (Af) of 490 and545nm were used 
and results obtained on both Fluoripoint and Fluoricord instruments. 
2.4.2. Studies on the Interaction of Rare Earth Ions with Amino Acids, 
S1mple Pept1des and Phenols 
These interactions were studied by adding lanthanide(III) 
to a solution of the compound in TRIS:HCI buffer (pH 8.0:0.111). 
The Ln(III) A f were observed using Ae between 250 and 350nm. 
The amino acids were investigated using solutions of various 
concentrations (from 10-3_10-511) and amino acid: Ln(III) ratios 
(from 1:1 to 1:50). The peptides and phenols (3mg in 5ml)were treated 
with Ln(III)(to 10-4].1). 
Some of the phenol solutions turned green or brown on exposure 
to air; the fluorescence enhancement properties of these compounds 
were investigated on fresh solutions before discolouration occurred. 
Tb(III) fluorescence enhancement stUdies on the other aromatic 
amino acids and simple peptides \,ere made in a ~lO:Y similar to that 
described for tyrosine in the previous section. The amino ncid and 
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peptide solutions used had absorbances of 0.2 ~ 0.01 (1cm:280nm) 
and Tb(III)(0.01l1.: up to 2001""1) was used as titrant. Quenching 
of the native peptide fluorescence Has measured by adding Tb(III) 
(0.1M:up to 200rl) to solutions having absorbunces of 0.09 t 0.01 
(1cm:280nm). The excitation spectra of the Tb(III) fluorescence 
intensity at 545n'1l I-/as measured using solutions (3ml) of absorbance 
0.2 ~ 0.01 (1cm:280nm) treated with Tb(III}(0.111:50,u-l). 
The experiments on the effect of Tb(III) on the tyrosine 
contribution to tryptophyltyrosine and tyrosyltryptophan 
fluorescence were made on solutions of absorbance 0.05 (1cm:280nm) 
I~here the excitation spectrum was plotted and 0.2 where the emission 
spectrum \~as plotted. Peptide solutions in PIPES (pH 6.3:0.01l1:3ml) 
were treated with Tb(III)(0.1M:50Fl) or the same buffer (50~1) 
only and the fluorescence of the solutions compared. 
The emission spectra of the peptides tryptophyltyrosine and 
tyrosyltryptophan(absorbance = 0.2 ! 0.01 :1cm:280nm) (pH6.3:0.01M:3ml) 
in the presence and absence of Tb(III)(0.111:50pl) were run using 
two different excitation wavelengths 275 and 295 nm. 95 The spectra 
from the 295nm excitation were normalised on the 390nm emission by 
multiplying all the fluorescence intensity values by factor A given 
by equation (4). 
(4) A = (fluorescence intensity >. e 275, ..\ f 390)/(fluorescence 
inten~ity ..\ e 295, ). f 390). 
The excitation spectra of tryptophyltyrosine and 
tyrosyltryptophan(absorbance = 0.05 ~ 0.01: .lcm:280nm) in PIPES 
buffer (pH6.3:0.01M:3ml) Hl.th and without Tb(III) (0.1M:50Fl) 
added, were run using A f settings of 310 and 349 nm. These spectra 
were compared directly without prior normalisation. 
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2.4.3. Interaction of Tb(III) Hith Tyrosine 
( -4 -6) ( 6 ) Solutions of tyrosine 10 -10 M:3ml in PIPES pH .3:0.01M 
were titrated with Tb(III)(0.1H). l1easurements of both the increase 
in Tb(III) fluorescence enhancement (height of Tb(III)-tyrosine 
fluorescence intensity - height of unenhanced Tb(III) fluorescence 
at the same lanthanide ion concentration) and the decrease in the 
native tyrosine fluorescence were made. \ of 288nm and a ~ f 
of 310nm for tyrosine and 545nm for Tb(III) were used. The acetone 
containing cell was used for the readings at 545nm only and Tb(III) 
'1as added directly to the fluorescence cell. 
The fluorescence intensities from the quenching experiments 
were corrected for the dilution before equations (10) and (16). 
(Section 3.1.11) were applied. The experiments were repeated using 
a solution containing both Tb(III) and Ca(II) (both 0.1H) as 
titrant. 
A solution of tyrosine (1.0 x 10-4H:3ml) in PIPES buffer (pH 
6.3:0.01H) was treated with Tb(III)(0.1H:50r-l) (solution A). The 
Fluoricord instrument was used to scan the excitation spectrum 
between 220 and 330nm with the >. f set at 545nm. The scan was 
repeated on a solution similar to (solution A), but with water 
(50pl) added instead of the Tb(III) solution_(Solution B): and on 
a solution of the above buffer (3ml) ,11th Tb(III)(O.1H:50,ul) 
added (solution C). The excitation spectrum for Tb(III) fluorescence 
enhancement was obtained by plotting the spectrum equivalent to 
that of (solution A) - «solution B) + (solution C». 
In order to study the effects of temperature on the Tb(III) 
fluorescence enhancement the experiments described earlier in this 
-4 section ~lere repeated using a tyrosine solution (10 11) contained 
in the water jacketed cell (Section 2.1.2). 
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The effects of viscosity I{ere studied by repeating the 
experiments on a tyrosine solution (10-411) using a 3:7; 
ethyleneglycol:PIPES(pH6.3:0.0al) mixture instead of the PIPES 
buffer on its own. 
Tb(III) fluorescence enhancement measurements were made at 
77 K using the apparatus described earlier (Section 2.1.2). The 
Tb(III)(0.1M:50p2) was added to a solution of tyrosine (10-4M:2ml) 
in a 1:1; ethyleneglycol:PIPES(pH6.3:0.0a1) mixture. It was 
transferred to the long si11ca tube and cooled in the Dewar 
containing liquid nitrogen. The amino acid;}., max >las used and the 
e 
Tb(III) fluorescence intensity measured by scanning the emission 
spectrum between 520 and 570nm. No acetone containing cell vias 
used. The Tb(III) fluorescence intensity was compared \nth that 
produced by the same concentration of Tb(III) in the glycol:buffer 
mixture. 
The u.v. difference spectrum of tyrosine in the presence and 
absence of Tb(III) was measured on a solution with an absorbance of 
0.6(1cm:275nm). A solution of the amino acid in PIPES(pH6.3:0.01M:3ml) 
was treated with Tb(III)(0.1M:50,.1). The absorbance I'as measured in 
1CM cells on the Unicam sp600: a reading was made every 2nm between 
250 and 320nm, and a spectrum plotted. The experiment was repeated 
using a similar tyrosine solution treated with water (50fl) instead 
of the Tb(III) solution. 
2.4.4. Interaction of Tb(III) with Ribonuclease A 
Measurements were made under the conditions given for tyrosine 
(Section 2.4.3). Tb(III) fluorescence enhancement, concomitant 
native protein fluorescence quenching, viscosity, temperature and 
77 K effects \{ere studied on ribonuclease A solutions (2.0 x 10 -5!1) 
on addition of Tb(III)(0.111 or 0.0111 used). The native proteinA f 
at 310nm Vias used to monitor its fluorescence intensity. U.v. 
-37-
difference spectra were plotted as for tyrosine. 
2.4.5. Initial Studies of the Enhancement of Lanthanide Fluorescence 
By Proteins and Polypeptides 
The proteins and peptides were dissolved in TRIS:HCI 
(pH8.0:0.1H) to give solutions with an absorbance of 0.2(1cm:280nm). 
These solutions were treated ~lith Tb(III) or other rare earth ion 
(final rare earth concentration = 1.0 x 10-4M). 
The fluorescence emission spectrum between 450 and 650nm 
was examined using a range of excitation wavelengths between 250 
and 320nm and compared with unenhanced rare earth (0.1M) fluorescence 
excited at the same wavelength. Fluorescence titrations and pH 
dependence studies were attempted in the same way as l~th 
transferrin (Section 2.4.7). All the work in the present section 
~las done on the Fluoripoint spectrofluorimeter. 
All the proteins, except insulin, were dissolved directly 
in the pH8.0 buffer. Insulin which was insoluble at pH8.0 was 
dissolved in hydrochloric acid (0.1M) and then adjusted to pH8.0 
\/ith TRIS(0.1M). 
O<-Amylase, carbonic anhydrase and ceruloplasmin were 
demetallised by the following methods, before being diluted for 
fluorescence measurements. Con A \~as demetallised using the 
procedure described in Section 2.3.6 and the final dialysis made. 
using TRIS:HCl(pH8.0:0.111). 
Demetallisation Procedures. 
1)O<_Amylase39• The protein (15mg) \'las dissolved in 
TRIS:HCl(pH8.0:0.1tl:3ml) and then dialysed against sodium EDTA 
solution (0.0111:4 x 500ml:96hr). After subsequent dialysis aginst 
TRIS:HCl(pH8.0:0.111:3 x 500ml:10hr), atomic absorption spectroscopy 
showed that the calcium content had been reduced from 3.2 to 0.7g 
ions of Ca(II) per 50,OOOg o<.-amylase. Precautions were not taken 
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against denaturation of the~-aMylase by traces of proteolytic 
enzymes. 
2)carbonic anhydrase7• The protein_ (10mg) was dissolved 
in acetate buffer (pH5.0:0.1!!:2ml). It ~las dialysed against 
1,10phenanthroline (10-~1) in the same buffer (3x500ml:30hr) 
and then against TRIS:HC1(pl!8.0:0.1M:3x500ml:24hr). 
3)ceruloplasmin96 The protein (6Omg) in phosphate buffer 
(pH7.3:0.05M:4ml) containing sodium chloride (0.171'1) \~as adjusted 
(to pH5.2) with acetate buffer (pH5.1:2.4M:1ml). Cysteine 
hydrochloride (20mg) was dissolved in the mixture. At 12~sodium 
diethyldithiocarbamate solution (4% aq:1.3ml) was added dropwise. 
The suspension was dialysed against sodium acetate solution 
(1.0M : 3 x 30Oml: 8hr), containing sodium chloride (1%). It ~las 
subsequently dialysed against sodium acetate solution (0.0~1:300ml: 
14hr) containing sodium chloride (1%). The insoluble copper diethyl 
dithiocarbamate complex was centrifuged off leaving a colourless 
supernatant which contained demetallised ceruloplasmin. 
2.4.6. Interaction of Tb(III) with Class B Proteins 
The relative Tb(III) fluorescence enhancement induced by the 
proteins listed in Table 10 was found by adding Tb(III) (0.111:50,..1) 
to solutions of absorbance = 0.15(1cm:280nm)-in PIPES (pH6.3:0.0111: 
3ml) and measuring the emission intensity using the). for the protein 
e 
and a A f of 545nm. The Fluoricord spectrofluorimeter was used and 
a cell containing acetone placed in the emission beam. 
The Tb(III) fluorescence enhancement and accompanying quenching 
of the protein fluorescence with porcine trypsin and con A (both 
5 x 10-6H) \~ere measured as for tyrosine (Section 2.4.3) using the 
appropriate protein A e and A f maxima. Titrations were made with 
Tb(IrI) (0.1 or 0.011-1). 
------- ---- - - - - ------------- - - --
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Studies of the effects of viscosity and temperature on con A 
-6 -6 (5 x 10 11) and studies at 77 K on con A and trypsin (5 x 10 M) 
and transferrin (1.0 x 10-511) after adding Tb(III) (0.1l1:50f1) were 
carried out as for tyrosine (Section 2.4.3). U.v. difference spectra 
were also measured for con A and trypsin on solutions of absorbance 
0.6 (lcm:280nm) as described previously (Section 2.4.3). 
All the experiments on con A described in this section were 
repeated using protein demetallised by the procedure described 
(Section 2.3.6). The work on Tb(III) fluorescence enhancement by 
con A ,~as repeated under the conditions described above, with 
eithero<-methyl-D+-glucose or D+-galactose added (both 0.111:50fd) 
before the Tb(III). 
The experiments in this section on porcine trypsin were 
repeated on solutions of the protein treated by the two methods, 
for removal of residual calcium,described below. 
1) The protein (20Mg) was dissolved in hydrochloric acid 
(10-3M:1ml). A Sephadex G25 column (10cm by 1 cm) was 
equilibrated with hydrochloric acid (10-1M). The trypsin 
solution was passed down the column. The effluent containing 
the protein fraction was passed down a second G25 column (10cm 
by 1cm), previously equilibrated wit~PIPES (pH6.3:0.1M). 
2) The protein (20mg) was dissolved in hydrochloric acid 
(10-\!: 1ml). The solution was dialysed against hydrochloric 
acid (10-3H:3 x 500ml:24hr), before being passed down a G25 
column (10cm by 1cm) which had previously been equilibrated 
with PIPES buffer (pH6.3:0.1M). 
The G25 effluent containing the protein fraction (from both 
rlcthods 1) and 2»was diluted prior to measurement of the Tb(III) 
fluorescence enhancement properties as described earlier in this 
section. 
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The effect of including CaCII) CO.1 or 0.01H) along ,Iith 
TbCIII) (0.1 or 0.0111) in fluorescence enhancement work was also 
studied. 
2.4.7. Enhancement of Tb(III) Fluorescence by Transferrin and Related 
ProteJ.ns 
All the experiments in this section were made using apotrnnsferrin 
(1.0 x 10-5H), Tb(III) (2.0 x 10-5H) and TRIS:HCL (pHS.0:0.1H) 
unless otherwise stated. The fluorescence spectra were scanned 
between 450 and 600nm using the}. of the native protein. 
e 
Initially transferrin Has treated \dth Tb(III). The degree 
of enhancement was measured by comparing the intensity of the 
enhanced Tb(III) fluorescence with the unenhanced Tb(III) fluorescence 
using the same). e. The fluorescence was also examined using 
transferrin (1.0 x 10-511) and Tb(III)(10-3H). The number of Th(III) 
fluorescence enhancement sites in transferrin ;Ias found by titrating 
the protein (3.3 x 10-5H) \dth Tb(III)(1.0 x 10-311:fl aliquots) 
and measuring the increase in the fluorescence intensity at 545nm. 
,/hen the effects of other buffer media were studied the buffer 
solution (0.111) Was mixed with TRIS(0.1H) or TRIS:HCl (0.1M) to 
bring the final pH to S.O. The fluorescence of transferrin and 
Tb(III) in acetate, phosphate, borate, bicarbonate, TRIS:HC1, BIClNE, 
TRICINE, HES, HOPS and PIPES buffers was examined. The pH dependence 
of the transferrin:Tb(III) fluorescenc~ enhancement system was found 
by titrating unbuffered transferrin:Tb(III) mixtures with sodium 
hydroxide solution (0.1H:~1 aliquots). Results were also obtained 
using a series of acetate (0.111) and TRIS:HCl(O.1t1) buffers. 
The transferrin - Tb(III) interaction was studied in the 
presence of Fe(III). The FeCIII) solution was not added directly 
at pH S.O as hydrated ferric oxide would probably be produced and 
would prevent free Fe(III) ions reacting at the protein metal sites. 
Instead, transferrin \1aS treated \dth Fe(III) in acetate buffer 
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(pH5.0:0.1H), adjusted to pH 8.0 with TRIS(0.1M) and then the 
Tb(III) fluorescence enhancement examined in the usual way. In 
the final solutions transferrin concentrations of 1.0 x 10-5M, 
Tb(III) concentrations of 2.0 x 10-5M and Fe(III) concentrations 
-4 of 1.0 x 10 If were used. 
The interaction between fully metallised and iron-free 
conalbumin and Tb(III) was studied under the conditions used for 
study of the transferrin-Tb(III) interaction. The interaction 
between Nd(III), En(III), Er(III), Sm(III) and Dy(III) and transferrin 
was also investigated using appropriate fluorescence emission 
wavelengths. 
2.4.8. Interaction of Haemerythrin ~lith Rare Earth Ions 
The following method was used to demetallise the protein97• 
The green-brown suspension supplied \las dissolved in hydrochloric 
acid (0.1M). Within 3-4 seconds the green-brown colour had discharged 
and the clear colourless solution was dialysed against distilled 
water (2 x 50Oml:8hr:OoC). The solutions were diluted with TRIS:HCl 
(pH8.0:0.111) or acetate (pH5.6:0.1H) buffer to give a solution with 
an absorbance of 0.15(280nm:1cm). Tb(III) solution (to 10-~f) 
was added prior to the making of fluorescence measurements. The 
e'llission monochromator ';as set at 545nm and -the excitation spectrum 
scanned between 250 and 360nm. The experiment was repeated using 
the lanthanides Nd(III), Er(III), En(III), Sm(III) and Dy(III) at 
their appropriate emission wavelengths. It was also repeated without 
prior demetallisation of the protein by dissolving it directly in 
buffer. 
2.4.9. Tb(III) - Con A Interaction at pH5.6 
Denetallised (Section 2.3.6) and untreated con A solutions 
in acetate buffer (pH5.6:0.1H) were fluorescence titrated with Tb(III) 
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(0.111) and the results used in Scatchard plots. In the titration 
con A solution (usually 10-5_10-~'1:3ml) lIas placed in a fluorescence 
cell and Tb(III) (0.1H:usually 0 to 100 I'll) added. The increasing 
enhanced Tb(III) fluorescence intensity I;as measured and corrected 
for the unenhanced Tb(III) fluorescence at each concentration. 
The \ e used was 290nm, the A f 545 and the acetone-filled cell was 
used in the emission beam. The fluoricord instrument was used. 
The Tb(III) fluorescence intensities were measured by drawing 
in the base line to the peak and measuring the height (in cm) with 
a rule. A planimeter was used to measure peak areas I"here these were 
used in addition to peak heights. 
2.4.10 Effect of Tb(III) on Con A Activity 
The activity of Con A with respect to glycogen precipitation 
and binding to Sephadex G100 in the presence and absence of Tb(III) 
was studied using the following methods. 
Glycogen (O.2mg) ~IaS dissolved in TRIS:HCl buffer (pH7.1: 
0.05H:2ml). Con A (2mg) in like buffer was added98 • The experiment 
~Ias repeated with Tb(III)(0.1H:50p.l) added to the con A solution 
before mixing. The turbidity produced in the hlO cases was compared. 
Con A was dissolved in TRIS:HCl buffer (pH7.1:0.05H:lml). 
The solution with an absorbance of approx.1.5 (1cm:280nm) was added 
to a G100 column (1cm x 15cm) which had been equilibrated with 
similar buffer. The column ~Ias washed until the absorbance of the 
effluent was less than 0.02 (1cm:280nm). A solution of glucose 
(1010) in the same buffer was added and I;ashed through with the buffer. 
Effluent aliquots (1.5ml) were collected and their absorbances 
(0.5cm:280nm) monitored. Activity was denoted by the ability of 
con A to bind to the column and subsequently be removed by glucose 
giving effluents ~lith finite absorbances (at 280nm)99. The experiment 
was repeated using a con A solution Hith Tb(III) added (0.11-1:50/,-1): 
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hare the TRIS:HCl buffer, used to equilibrate the column initially, 
also contained Tb(III) (10-311). 
2.4.11. The pH Dependence of Tb(III) Fluorescence EnhanceMent bv 
Protein and Amino Acid Systems 
The pH dependence of fluorescence enhancement was measured 
by titrating unbuffered solutions containing protein or amino acid 
(10-4 - 10-6/-1) and Tb(III) (10-3_10-511) with aliquots of hydrochloric 
acid or sodium hydroxide solution (both 0.111). The concentrations 
and the excitation \1avelengths were chosen to give optimum fluorescence 
for each substance studied. Appropriate parts of the curves were 
verified using buffered solutions of the substances in TRIS:HC1, 
PIPES or acetate (all o.on!). Some of the results >!ere obtained 
using the Fluoripoint and some the Fluoricord instruments. The 
Tb(III) fluorescence at 545nm \1as monitored and the cell containing 
acetone \"as placed in the eMission beam to eliminate second order 
scattered light. 
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2.5. A FLUORESCENCE HErHOD FOR THE DErERJ!INATION OF TRANSFERRIN 
2.5.1. Tb(I!!) fluorescence Enhancement 11ethod for Transferrin 
The following wethod was developed by adopting changes in 
accordance with the results obtained in Section 3.2. The details 
of the procedures used during the development of the method are not 
described as they should be readily deduced from the strategy 
employed in Section 3.2 and the methods described in this Section 
and Section 2.4.7. 
into 
acid 
Aliquots of hydrochloric acid (1 x 10-1M:2ml) were pi petted 
graduated flasks (10ml volume). Tb(III)(1x10-2/>1) in hydrochloric 
-4 (1 x 10 11) was added; followed by serum (5p.l) and the flasks 
were swirled gently to effect mixing. After five minutes the flasks 
were made up to the mark with TRIS:HCl buffer (pH8.o:0.111). The 
fluorescence measurements were made immediately on the Fluoricord 
spectrofluorimeter using the following instrument settings:-
~ 288nm 
e 
). f scanned between 510 and 580 with cell containing 
acetone in the emission bea~ 
Photomultiplier settings sensitivity-high, coarse-100, 
fine-8 
All entrance and exit slits 8nm 
Time constant 0.3sec 
Recorder 100mV x 1.4 f.s.d. 
Chart speed 2nm/sec. 
The enhanced Tb(III) fluorescence intensities were measured 
by drawing in the baseline as shown in Fig XX and measuring the 
height of the peak above that baseline with a rule. The fluorescence 
intensities of the 'unknown' serum samples were compared with those 
obtained for standard sera dur1ng the same run. 
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2.5.2. Immunodiffusion llethod for Transferrin100• 
Agarose (0.12g) \ias dissolved in TRIS:HCl buffer (puS.O: 
0.02N:12ml) on a boiling \<later bath. Sodium azide (0.01g) Has added. 
The solution \iaS allo\<led to cool to 500 C before anti-human 
transferrin serum (90~) was added. The mixture Has poured into a 
petri dish and allowed to set \/hile standing undisturbed on a 
horizontal surface. \fuen the gel had set, t\"elve holes (3.2mm diam~ 
were cut cleanly into the gel ~rith a metal tube. The centres of 
the holes were removed by suction through a Pasteur pipette attached 
to a water pump. Standard and 'unkno\m' serum samples were diluted 
(dilution range from 1/20 to 1/50). Five standard and seven 'unknoHn' 
samples (5~1) were applied to the holes. The lids were put on 
the dishes and they \iere allO\<led to stand (for 48hr). Then the 
diameters of the precipitin rings were measured, across three 
directions for each hole, using a travelling microscope. A graph 
of the square of the average d~ameter against transferrin concentration 
\las plotted for the standards. The concentrations of the unknowns 
were read off from the graph and the transferrin contents of the 
undiluted sera calculated. 
2.5.3. Rocket Imwunoelectrophoresis 
This Was performed by Hiss V.J. Ayling usin£> the method described 
. h th . 101 ~n er es~s • 
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2.6. lIE'rHODS USED TO STUDY THE EFFECTS OF l!ETAL IONS ON TIlE 
FLUORESCEllCE OF PROTEIN SYSTUIS 
2.6.1. Effects of Metal Ions on Protein Fluorescence 
Solutions of protein (1-5 x 10-6M:3ml) (5 x 10-~1 for insulin 
and ribonuclease A) in TRIS:HC1(pH 7.2:0.0~1:3ml) were titrated 
\dth metal ion (0.01H:up to 200,...1). Measurements of the change 
in intensity of the protein fluorescence emission during the course 
of the titration were made using the appropriate A e and). f for 
the protein under consideration. The fluorescence intensities 
were corrected for the dilution before equations (10) and (16) (Section 
3.1.11) were applied. 
The experiment was performed on con A with the metals given 
in Section 3.3.1. In addition the titration of con A \~as repeated 
\dth Ca(II), Mg(II), K(I) ,Tb(III) and Zn(II) using PIPES 
(pH6.3:0.0111) instead of TRIS:HCl buffer. The titration was also 
done on the proteins mentio~ed in Section 3.3.2. using Zn(II) as 
titrant. 
Experiments on the effect of Zn(II) on the tyrosine contribution 
to con A fluorescence were performed as described for the peptides 
in Section 2.4.2. using con A (3 x 1(611) in TRIS:HCl (pH7.2:0.051-!) 
wi th and without the addition of Zn(II)(0.111: 501"-1) • The effect 
of Zn(II) on the activity of con A was carried out as described in 
Section 2.4.10 using Zn(II) instead of Tb(III) in the procedure. 
2.6.2. Effect of Zn(II) on the Fluorescence of Amino Acids and Small 
Peptides 
Tyrosine and tryptophan (1-5 x 10-4~!) were each titrated 
with Zn(II) (0.1l1:up to 200{,-1) in PIPES buffer (pH6.3:0.0111:3ml) 
and the change in the a mino acid fluorescence (using the appropriate 
). e and Af) measured. The experiment was repeated using Ca(II) 
instead of Zn(II) and using Ca(II) and Zn(II) (separately) in TRIS: 
HCl buffer (pH7.2:0.01}!). 
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The fluorescence titration with Zn(II) (0.111 up to 200P.l) 
Was repeated on indole, glycyltryptophan, tryptophylglycine, 
tyrosyltryptophan and tryptophyltyrosine(absorbance = 0.1 : 0.01. : 
1cm:280nm) in the above TRIS:HCl buffer. 
The effect of Zn(II) on the tyrosine contribution to 
tryptophyltyrosine and tyrosyltryptophan fluorescence Was carried 
out using peptide solutions(absorbance = 0.1 ~ 0.01": 1cm:280nm) in 
TRIS:HCl (pH 7.2:0.01M:3ml) in the presence and absence of Zn(II) 
(0.1M:50{,-1) usingA
e 
275 and 295 as described for the experiment 
with Tb(III) in Section 2.4.2. 
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2.7. !1ANGAllESE CO}lPOUNDS USED IN THE ESCA UORK 
2.7.1. Bis(tetraethylaMmonium)tetrachlorOmanganate(II)102 
Hydrated manganese(II) chloride (0.5g) and tetraethylammonium 
chloride (1.0g) were placed in a round-bottomed flask. Thionyl 
chloride (20ml) was added dropwise. Vigorous efferveRcence 
occurred and the solution became apple-green in colour. The 
mixture was refluxed (for 2 hrs) until virtually all the solid 
had dissolved. After cooling the mixture was filtered and the 
excess thionyl chloride distilled off under reduced pressure (water 
pump). 
The residual dark green solution (1-2ml) was treated with 
acetic anhydride (10ml) which precipitated a solid. This was 
filtered off and stored overnight in a desiccator containing solid 
potassium hydroxide. The product Was obtained as pale green crystals. 
2.7.2. Methyltriphenylarsonium Tetranitratomanganate(II)103 
Anhydrous manganese(II) chloride and silver nitrate were 
dried (110oC:5 days). Silver nitrate (3.4g) anhydrous manganese(II) 
chloride (0.63g) and methyltriphenylarsonium iodide (4.5g) were 
refluxed in acetonitrile (12.5ml:for 2.5hr). The supernatant liquid 
was decanted off, dried (4A molecular sieve) and evaporated almost 
to dryness. The solid precipitated out was-recrystal1ised from 
acetonitrile and stored in a desiccator over solid potassium hydroxide. 
The product was obtained as straw coloured crystals. 
2.7.3. Diaguobis(acetYlacetonato)manganese(II)104 
Hydrated manganese(II) chloride (12.5g) ~las dissolved in water 
(60ml). Acetylacetone (12.5g) in methanol (25ml) was stirred in to 
give a slightly darkened homogeneous solution. Anhydrous sodium 
acetate (0.9g) in water (40ml) and amMonia solut10n (S.G. 0.991:5ml) 
were added producing a yellow precipitate. This was filtered off under 
a streom of nitrogen and dried in n vacuum oven (50oC:10mm:7hr) 
...... ---------------------------------------
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Recrystallisation from ethanol:water \1as attempted but caused 
darkening of the yellow product. 
2.7.4. AqUo(ethylenediaminetetracetato)manganese(III)105 
Sodium EDTA (2.9g) in ~Iater (25ml) was heated (to 80-90oC). 
Hanganese(II) carbonate was added in portions (O.1g) until there 
was no further effervescence. The solution was heated to boiling 
and filtered while still hot. The filtrate \1as cooled. The solid 
that crystallised out was recrystallised from \1ater and pale pink 
crystals collected. 
2.7.5. Potassium HexacyanOmanganate(III)106 
Hydrated manganese(II) chloride (17g) was dissolved in water 
(25ml), phosphoric acid (conc:15g) and nitric acid (conc:2.5g) were 
added and the solution evaporated (to 4ml). The brown solid 
precipitated out was suspended in water (25ml), filtered, washed ~dth 
\1ater (100ml) and dried at the pump. Black manganese(III) phosphate 
(5.5g) \1as obtained. 
Potassium cyanide (15g) ~Ias dissolved in hot \~ater (4Oml) 
and manganese(III) phosphate(4g) added. The solution was maintained 
at 800 c for a few minutes (not heated to boiling - at the boiling 
point manganese dioxide precipitates) until it became red-brown in 
colour. On cooling the red-brown crystals formed were filtered off, 
\lashed with water and recrystallised from water. 
2.7.6. Trisacetylacetonatomanganese(III)107 
Hydrated manganese(II) chloride (5g) and sodium acetate (13g) 
\1ere dissolved in water (200ml). Acetylacetone (21ml) ~Ias stirred in. 
The mixture Has treated wi th potassium permanganate solution (lg) 
in water (5Oml) folloHed by sodium acetate solution (13g of trihydrate 
in ~Tater (50ml». The mixture \1aS then heated to 600 c (10min) 
before being cooled in ice-\later. The solid precipitating out was 
washed with ice-cold water (100ml) and acetone (10ml) and dried at 
the pump. It was recrystallised from acetone to give shiny black crystals. 
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2.7.7. Determination of the l!anganese Content of the Prepared 
Complexes 
The method used loins adapted from a standard method for the 
determination of manganese in steel108• 
The complex (5-10mg) loias I/eighed on a six place microbalance 
into a conical flask. Nitric acid (511:5ml) ~las added and the 
mixture boiled (3min~ Ammonium persulphate (O.2g) loias added before 
boiling further (1 min). Then water (4om1), phosphoric acid (conc: 
5ml) and potassium periodate (O.5g) were added and the mixture boiled 
(5min) to develop the red colour. After cooling the solution was 
made up ~th water (to 100ml) and the absorbance (1cm:555~~) measured. 
The manganese content of the solutions was read off from a calibration 
graph made using a series of freshly prepared potassium permanganate 
solutions. \1here required, the manr;anese complex loins treated I'li th 
mixed nitric and sulphuric acids (conc:0.5ml of each) and boiled 
(1-2min) to remove chloride as HCI if this might interfere ~th the 
method. 
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3. RESULTS AND DISCUSSION 
3.1. ElIHANCElIENT OF LANTHANIDE FLUORESCENCE BY PROTEIN SYSTUlS 
3.1.1. lIative Fluorescence of Lanthanide (Ill) Ions 
Before considering the enhancement of lanthanide fluorescence 
by protein systems, the fluorescence of the lanthanide ions alone 
was examined. The rare earth ions Nd(IlI), Sm(IIl), Eu(III), Tb(II!) , 
Dy(IIl), Ho(lII), Er(III) and Tm(III) have principal absorption bands 
between 300 and 400 nm57 and were considered suitable for use as 
fluorescence energy acceptors for protein systems. The fluorescence 
properties of the first six rare earths were investigaged and the--
results shown in Table 6. Taking both the sharpness and intensity 
of the fluorescence spectra into account, the ease of observation of 
the spectra decreases along the series Tb(IlI)':" Nd(IIl) ~ Eu(IIl) :> 
Sm(lIl) > Er(Ill) > Dy(IIl). 
The fluorescence of Tb(IIl) was examined over a range of pRs: _ 
the emission spectrum remained the same between pH1 and 6. Beb/een 
pH 6 and 8 the fluorescence intensity decreased as the turbidity of 
the solution progressively increased. This loss of fluorescence 
intensity was prObably due to the loss of free Tb(III) ions on formation 
of sparingly soluble hydrated oxide in alkaline solutiodi7 • 
3.1.2. Studies of the Enhancement of Lanthanide Fluorescence By 
Amino Acids and Phenols 
For energy to be transferred to Tb(IlI) , it must first be 
absorbed by one of the aromatic amino acids. Of the naturally 
occurring amino acids, only tryptophan, tyrosine and phenylalanine 
are fluorophores. The ability of the simple amino acids to participate 
in energy transfer to Tb(III) was examined in order to gain insight 
into the energy transfer processes occurring in proteins. 
Table 6 
Native Fluorescence of Lanthanide(III) Ions 
Lanthanide ion A (nm) \(nm) Relative Fluorescence Appearance of Fluorescence e 
-
Intensity 
Nd(III) 364- 4-76 4- sharp 
Nd(III) 364- 569 2 sharp 
Sm(III) 364- 443 1 diffuse 
Sm(III) 364- 486 0.5 diffuse 
Sm(llI) 364- 555 1 sharp 
Sm(III) 364- 591 2 sharp 
Sm(III) 364- 64-2 0.1 diffuse 
E>.l(III) 364- 550 0.1 diffuse 
Eu(III) 364- 588 2 diffuse 
Eu(III) 364- 612 0.6 diffuse 
Tb(llI) 355 489 39 sharp 
Tb(III) 355 54-3 57 sharp 
Tb(llI) 355 580 6 sharp 
Tb(III) 355 616 2 sharp 
Dy(llI) 34-2 484- 1 diffuse 
Dy(III) 34-2 542 0.7 diffuse I 
Er(III) 429 6 \J1 332 diffuse I\) I 
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Tyrosine, but not tryptophan or phenylalanine was shown to 
enhance the fluorescence of TbeIII). Since the lamp output of the 
fluorimeters used decreased markedly below 300nm, it is possible that 
fluorescence energy transfer from phenylalanine to lanthanides 
occurs but that the intensity of the excitation light is too feeble 
for the effect to be observed. The addition of TbeIII) to solutions 
of any of the three aromatic amino acids produced turbidity. Attempts 
were made to use the Tb(III) fluorescence enhancement by tyrosine 
at pH 8.0 to measure a metal: amino acid ratio for optimum enhancement 
but the results obtained were not very reproducible, probably because 
of the precipitation that occurred. 
The enhancement of Tb(III) fluorescence by Bome tyrosine 
derivatives (along with a number of small peptides) is shown in 
Table 7. Of the derivatives listed, most enhancement was obtained 
with dihydroxyphenylalanine (L-dopa). Here interaction between the 
Table 7 
Initial Studies of the Enhancement of Tb(III) Fluorescence by 
Tyrosine Derivatives and Simple Peptides 
Ae 
Relative Tb 
Compound Fluorescence Intensit!~ 
tyrosine 288 1.0 
tyrosyltyrosine 2~ 0.5 
tryptophyltyrosine 2~ 0.0 
iodotyrosine 0.0 
L-dopa 2~ 5.0 
amino tyrosine 325 2.5 
Kynurenine 0.0 
bacitracin 0.0 
gramicidin 0.0 
~Enhanced Tb(III) fluorescence intensities relative to the 
enhancement for tyrosine. 
TbeIII) ion and the aromatic ring may be stabilised by chelation between 
the metal and the two ortho hydroxyl groups on the ring. 
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Fluorescence enhancement of Tb(III) was observed with 
aminotyrosine \1here the).. e at 325nm was higher than for the other 
systems examined. 325nm was also the A of the native amino acid 
e 
fluorescence. Tb(III) fluorescence sensitisation was larger for 
aminotyrosine than tyrosine. This may have been another consequence 
of the greater amount of excitation light available at higher wave-
lengths. No enhancement was seen in the case of iodotyrosine 
probably because of quenching by the heavy atom effect. 
Since the phenolic amino acid, tyrosine, was thought to be 
the fluorescence energy donor, the ability of simple phenols to 
enhance lanthanide(III) fluorescence was considered. Table 8 shOt~s 
the Tb(III) fluorescence enhancement obtained for the phenols tested. 
The simple phenols which gave Tb(III) fluorescence enhancement 
were those containing hydroxyl groups ortho to one another. Of the 
compounds tested with other groups ortho to the hydroxyl, salicylic 
acid gave the largest effect. The results indicate that fluorescence 
energy transfer is facilitated by a suitable ortho substituent on a 
phenol. This may be because the tt10 groups stabilise the interaction 
through chelation to the metal or alternatively those co~pounds may 
have a better overlap of energy levels with the Tb(III) levels. 
No enhancement of rld(III), Sm(III), Eu(III), Dy(III) or 
Er(III) fluorescence vas observed by any of the amino acids, peptides 
or phenols listed in Tables 7 and 8. 
When the experiments to determine the metal:tyrosine ratio for 
maximum Tb(III) fluorescence enhancement were repeated at pH 6.3 the 
solutions remained clear even in the presence of a several hundred-
fold molar excess of the lanthanide. The enhancement of Tb(III) 
fluorescence obtained during the titration of Tb(III) with tyrosine 
with the rare earth ion is shown in Fig. VII. The excitation spectrum 
of the enhanced Tb(III) emission at 545nm showed that the >- for 
e 
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Table 8 
Initial Studies of the Enhance~ent of Tb(III) Fluorescence By Phenols 
Compound 
phenol 
catechol :f:: 
resorcinol 
quinol =/: 
2.-a~inophenol 
.£-nitrophenol 
salicyclic acid 
salicylaldehyde A 
pyrogallol * 
ethane diol 
.8-hydroxyquinoline 
Formula 
302 
314 
340 
284 
306 
Relative Tb(III) ~ 
Fluorescence Intensity 
7.0 
<0.5 
7.0 
6.0 
solution became green or brol1Tn on standing. Fluorescence 
measurements \~ere made before this occurred. 
~ solution ~as yellow and turbid. 
Enhanced Tb(III) fluorescence intensities are on the same scale 
as table 7 ~li th the enhancement relative to the enhancement given 
there for tyrosine. 
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fluorescence enhancement. The results from the fluorescence titration 
of tyrosine by Tb(III) indicate that fluorescence enhancement continues 
to increase even after a several hundred-fold molar excess of the 
metal has been added. Thus the effect seems to be unlikely to be 
a consequence of metal binding at a few simple sites - especially 
as tyrosine is a small molecule without great affinity for metals. 
When the Tb(III) fluorescence enhancement experiments ,.,ere 
carried out using an equimolar mixture of CaeIl) and Tb(Ill) as titrant 
the Tb(III) fluorescence enhancement was similar to that obtained in 
the absence of Ca(ll). If lanthanide binding at specific sites had 
caused the Tb(III) fluorescence enhancement,addition of chemically 
similar calcium ions would have been expected to affect the 
enhancement obtained. 
The Tb(IIl) fluorescence (both enhanced and unenhanced) 
decreased with increasing temperature and vice-versa. Changes of 
approximately ~ 27~ per degree of temperature change uere observed 
within a range of + 150 C of ambient. Use of 30;6 glycol:buffer 
mixtures produced a three-fold increase in the enhanced and unenhanced 
fluorescence. If the enhancement of Tb(III) fluorescence by tyrosine 
involves intermolecular energy transfer, it might be expected to 
be susceptible to changes in the viscosity and temperature of the 
solution. However, since the native unenhanced Tb(III) fluorescence 
was affected in a similar way, no conclusions could be drawn from the 
results. Decreasing the temperature or increasing the viscosity 
decreases the number of collisions experienced by the Tb(IlI) ions 
in solution. This may increase the quantum yield of Tb(IlI) 
fluorescence by minimisation of collisional deactivation and need 
not relate to the mec~~ism by which the Tb(IIl) became excited. 
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Tb(III) fluorescence enhancement by tyrosine was not observed 
at 77 K. When the u.v. absorption spectrum of tyrosine was measured 
in the presence and absence of Tb(III) the differences in absorbances 
were less than 0.005 on solutions having an absorbance maximum 
of 0.6 (280nm:1cm). Since no Tb(III) fluorescence enhancement effect 
was seen at liquid nitrogen temperature it is likely that energy 
transfer from tyrosine to Tb(III) ta~es place by a collisional 
mechanism. However,energy transfer within a molecular complex would 
be independent of collision numbers and would be expected to take 
place at 77 K. The result provides further evidence that Tb(III) 
tyrosine interaction occurs by a collisional mechanism and not by 
interaction at specific sites. Also, if the Tb{III)-tyrosine 
interaction involved a specific site a tyrosine difference spectrum 
would be expected to be observed. 
The Enhancement of Lanthanide Fluorescence By Peptides 
Since Tb(III) fluorescence enhancement was readily 
observed with tyrosine, several tyrosine containins peptides were 
examined to see if any further conclusions about the effect could be 
made. At pH 8.0 where the solutions were turbid, enhancement was 
observed liith tyrosyltyrosine and tyrosyltryptophan. No Tb(III) 
fluorescence enhancement was observed with tryptophyltyrosine : or 
with the compounds shown in Fig. VIII. None of these latter 
compounds contained tyrosine - further evidence for the requirement 
of tyrosine for observation of the Tb{III) fluorescence enhancement 
effect. 
Fig. IX shows that at pH 6.3 the peptides tyrosylglycine, 
glycyltyrosine and tyrosyltryptophan gave a two-fold Tb(III) 
fluorescence enhancement. The Tb(III) fluorescence enhancement was 
accompanied by quenching of the native peptide fluorescence. 
Addition of Tb(III) to any of the three peptides (concentration 
Fig. VIII. 
Sane Af'ino Acid Compounds Examined for Tb(III) Fluorescence 
Enna~cement Effect. 
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4 x 1O-5M) caused a 5'% quenching at a Tb(III):peptide ratio of 85:1. 
110 Tb(III) fluorescence enhancement was observed for tyrosyltyrosine 
or tryptophyltyrosine and addition of the lanthanide ion did not 
quench the native peptide fluorescence. No changes in the ~ 
e 
or ~ f were observed ~Ihen any of the paptide spectra were run in 
the presence of Tb(III). 
The addition of Tb(III) to tyrosyltryptophan and tryptophyl-
tyrosine did not alter the amount of the tyrosine contribution to the 
emission. Addition of Tb(III) to tyrosyltryptophan(which did enhance 
Tb(III) fluorescence)caused a slight decrease in the native peptide 
fluorescence but addition of Tb(III) to tryptophyltyrosine (\'ihich_ 
did not give Tb(III) fluorescence enhancement) caused a slight 
increase in the native fluorescence. 
Cassen and Kearns 109found that 20'/0 of the peptide 
(tryptophan) fluorescence in tryptophyltyrosine was due to energy 
transfer from tyrosine to tryptophan. Considering the ratio of 
absorbances, this meant that all the tyrosine fluorescence was 
transferred to tryptophan leaving no free tyrosine contribution 
to the peptide emission spectrum. Their work was repeated in the 
present study. Similar experiments on tyrosyltryptophan showed that 
although here the intensity of the peptide fl~orescence was about 30% 
of that found for tryptophyltyrosine, here again 20'/0 of the native 
peptide (tryptophan) fluorescence was contributed by energy transfer 
from tyrosine. The differences in the native fluorescence of the two 
peptides and their different abilities to enhance Tb(III) fluorescence 
=y reflect the influence of having different charged COOS or NH3(J) 
groups adjacent to the two different fluorophores. These charged 
groups may affect any of the energy transfer processes occurring in 
the peptides. 
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3.1.4. Interaction of Tb(III) With Class A Proteins 
Since tyrosine was found to effect Tb(III) fluorescence 
enhancement, the Tb(III) fluorescence enhancement properties of 
class A proteins were investigated. Here any complications due to 
interactions of the metal with tryptophan residues and tyrosine to 
tryptophan fluorescence energy transfer would be absent. 
At pH 8.0 both the class A proteins insulin and ribonuclease 
A enhanced Tb(III) fluorescence. Attempts were made to determine the 
Tb(III):protein molar ratio giving maximum fluorescence enhancement. 
The attempts failed because heavy precipitation occurred before the 
attainment of maximal fluorescence enhancement. A graph of 
lanthanide fluorescence enhancement against Tb(III) concentration 
(at pH 6.3) is included with those for the class B proteins shown 
in Fig. X. A forty-fold molar excess of Tb(III) is required to 
produce an approximately ten-fold increase in Tb(III) emission 
intensity. 
Increasing or decreasing the temperature by 15 degrees 
from ambient brought about a similar change in the enhanced Tb(III) 
emission intensity to that obtained with tyrosine. The Tb(III) 
fluorescence enhancement Was doubled in 30% glycol as compared with 
the enhancement in buffer alone. At 77 K no Tb(III) fluorescence 
enhancement by ribonuclease A was observed, neither was there any 
u.v. difference spectrum follo,r.lng Tb(III) addition. All the following 
results indicate that ribonuclease A enhances Tb(III) fluorescence 
by the same mechanism as tyrosine. Thus,it seems likely that Tb(III) 
fluorescence enhancement phenomena in proteins may occur even when it 
is not directly associated lr.lth lanthanide ion binding at specific 
metal sites. 
~b(III) Pluorescence Enhnncement by Prote~ 
o 
0.0~----=20~0~--~40~O~--~6~OO~---r8~070--~1~0~O~0----~12~0~0--
no: of Tb(III) ions per protein molecule 
-0- porcine trypsin concentration 5.4 x 10-
6 
I! 
-6 fully metallised con A concentr~tion 4.1 x 10 I! o 
-6 demetallised con A concentration 4.1 x 10 1I 
ribonuclease A concentration 2.0 x 10-5 1I 
The relative intensities of the d1ffprent s2nples 
have no significance. 
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3.1.5. General Hork on the Interaction of Tb(III) and Class B Proteins 
The Tb(III) fluorescence enhancement descr~bed in the preceding 
sections is unlikely to be attributable to interaction at metal sites. 
A general survey of the Tb(III) fluorescence enhancement properties 
of a number of class B proteins was made. Table 9 lists the proteins 
and peptides tested and indicates which ones gave Tb(III) fluorescence 
Table 9 
Initial Studies of the Enhancement of Tb(III) Fluorescence by 
Proteins 
human 0' -globulin 
bovine t-globulin 
(I.-lactalbumin 
ovalb,umin 
bovine serum albumin 
human serum albumin 
thyroelobulin 
fibrinogen 
lysozyme 
bovine et-chymotrypsin 
+ 
++ 
bovine c( -chymotrypsinogen ++ 
pepsin ++ 
Key 
no enhancement 
+ very small enhancement 
++ readily observed enhancement 
bovine trypsin 
porcine trypsin 
ribonuclease A 
•• 
carbonic anhydrase 
•• 
ex-amylase 
apoferritin 
alcohol dehydrogenase 
cytochrome c 
•• 
ceruloplasmin 
•• 
con A 
papain 
insulin 
•• both metallised and demetallised protein tested. Similar 
effect observed in both cases. 
sensitisation, relative to the unenhanced Tb(III) fluorescence. 
using the same ~ , at pH 8. At this pH addition of Tb(III) 
e 
to the protein solutions resulted in precipitationyprobably caused 
++ 
++ 
+ 
++ 
++ 
+ 
by the formation of hydrated terbium oxides and co-precipitation of 
the protein. As Table 9 shows, several proteins gave fluorescence 
enhancement. The metalloproteins~-amylase and con A sensitised 
Tb(III) fluorescence but the effect >JaS observed with both the fully 
metallised and apoproteins. In general the enhancement obtained 
did not seem to be related to the presence or absence of metal ions 
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in specific sites. 
l1any attempts ~lere made to deterMine the molar ratio of 
Tb(III):protein giving maximum enhancement with con A,o<.-amylase 
and pepsin at pH 8.0. However, the heavy precipitation occurring at 
this pH before attainment of maximum Tb(III) fluorescence enhancement 
made the results difficult to interpret. It \las noted that. in spite 
of the precipitation, maximum fluorescence enhancement was not 
obtained even when a 100:1 metal:protein molar ratio was used. In 
all Cases maximum fluorescence enhancement l1as obtained betlieen 
pH 6.5 and 9.0. The enhancements obtained were much smaller below 
pH 7, even with con A and pepsin, although the solutions liere 
completely clear. 
The results indicate that Th(III) fluorescence interaction 
ld th proteins may not be restricted solely to intrinsic metal binding 
sites. ~Tith con A the effect was independent of the presence or 
absence of metals in their protein binding sites. None of the protein 
systems gave nearly as much Tb(III) fluorescence enhancement reported 
for transferrin or conalbu~in62. Even at high Th:protein molar ratios 
the enhancements were alliays less than 1000-fold. No enhancement of 
lanthanide fluorescence was obtained with any of the proteins (or 
peptides See Section 3,1.4.) ldth Hd(III). Sm(III). Eu(III), Dy(III) 
or Er(III). 
Studies of the interactions between Tb(III) and some class B 
proteins were repeated at pH 6.3. The fluorescence intensities of 
the enhanced Tb(III) emission relative to that of unenhanced Th(III) 
are shown in Table 10. The results in this table and those obtained 
previously at slightly allcaline pRs indicate that many proteins can 
enhance Tb(III) fluorescence but in none of the cases was the enhancement 
of the same order of masni tude as that found ~ri th apotransferrin 62. 
The relative fluorescence enhancements shown in Table 10 did not show 
Table 10. Results of Further Studies of the Enhancement of Tb(III) Fluorescence by Proteins 
Tb(III) Fluorescence Residues Fluorescence suantum 
Protein Intensit relative !::.1? !E yield 
to unenhanced Tb III) 
con A 14 4 7a 0.67b (of tryptophan) 
bovine trypsin 11 4 10 0.125 
bovine IX. -chymotrypsin 7 8 4 0.120 
pepsin 6 5 17 0.220 
ribonuclease A * 4 6 0.020 
bovine 
~-chymotrypsinogen 2 8 4 0.075 
papain 2 5 19 
ot-lactalbumin 2 4 4 0.050 
human serum albumin 2 1 17 0.110 
bovine serum albumin 1 2 20 0.210 
carbonic anhydrase, 1 7 9 0.170 
egg lysozyme 1 6 3 0.070 
unenhanced Tb(III) 1 
All data on numbers of residues and fluorescence quantum yields from ref 49 unless otherwise stated 
aref 12 
brei 110 
* A class A protein 
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any d1rect relationship with the protein tryptophan:tyrosine ratio, 
the tyrosine content or the fluorescence quantuM yield (correlation 
coefficient r < 0.2 in each case). 
The fluorescence properties of the native proteins depend 
on many factors besides the relative numbers of aromatic anino 
acids. The emission spectra of proteins containing all three 
amino acid fluorophores usually resemble the fluorescence obtained 
from tryptoPhan49• The main factors affecting protein fluorescence 
are energy transfer between chromophores, quenching by neighbouring 
groups and relative exposure of the aromatic amino acids to the 
solvent. 'lhere energy transfer to Tb(III) occurs it may be affected 
by all these factors. The situation may be complicated further by 
the formation of Tb{III)-protein complexes in which no fluorescence 
energy transfer takes place or by the prevention of close approach 
of Tb{III) to the donor aromatic residues by other protein side 
chains. Thus, it is not surprising that protein-Tb(III) energy 
transfer does not bear a simple relationship to the tyrosine: 
tryptophan ratios or fluorescence quantum yields of the proteins. 
3.1.6. Interaction of Tb(III) \nth Transferrin and Related Proteins 
The work on the enhanceClent of Tb(III) fluorescence by 
62 transferrin was repeated to confirm that the large effect found 
in the previous work could be detected using the equipment available. 
~lhen a 2:1 molar ratio of Tb{III) was added to transferrin 
(10-5U) the native Tb{III) fluorescence was enhanced 2 x 106 times. 
The A of the protein fluorescence was found to be the )., 
e e 
of the 
enhanced Tb{III) fluorescence. The enhanced Tb{III) emission spectrum 
was of similar shape to the unenhanced Tb{III) spectrum. The Tb(III)-
transferrin excitation and emission spectra are shown in Fig. XI. 
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The increase in the Tb(III) enhanced fluorescence on titration 
of transferrin with Tb(III) is shol<n in Fig. XII. The fluorescence 
enhancement reached a maximum Hhen two moles of Tb(III) Here added 
for each transferrin molecule, and there Has a flattening of the 
curve during the addition of the second mole of Tb(III). The 
fluorescence titration was consistent with the occupancy of tl10 
separate metal sites. The steeper slope corresponding to the 
addition of the first mole of Tb(III\may reflect that the lanthanide 
is bound more strongly to the first of the sites. If the steeper 
slope during the addition of the first Tb(III) ion is significant, 
it substantiates earlier work which indicated non-equivalence of the 
tHO metal binding sites. Luk62 pointed out their non-equivalence 
with respect to large cations. Early Hork of Aisen et a121 indicated 
that the sties \~ere equivalent and non interacting. HOHever his 
later43 spectroscopic studies have indicated that the binding sites 
of transferrin-like molecules are not identical. In the present 
work the flattening of the titration curve observed before 
saturation of both metal sites may reflect that, in the absence of 
the co-operative effect of bicarbonate, filling of the second site 
was inhibited. 
The results obtained agreed with those of Luk62• It is 
noteworthy that his buffers contained bicarbonate but that this 
anion was not included in the buffers used in the present work. The 
fluorescence enhancement obtained can be readily interpreted as 
resulting from an intra molecular energy transfer from the protein's 
amino acids to Tb(III) ions bound at tl10 intrinsic protein metal 
binding sites. 
62 The work done by Luk was extended to explore more fully 
the factors affecting enhancement of Tb(III) fluorescence by transferrin. 
Uhen transferrin (10-511) was treated with a 100-fold excess of 
TbeIII) at pH8.0,precipitation occurred but enhancement of TbeIII) 
fluorescence was still readily observed. The precipitation was 
probably due to the formation of hydrated TbeIII) ~xides and/or 
loss of surface chaxge on the protein on addition of trivalent metal 
ions. 
The effect of using buffers other than TRIS:HCl ~las considered. 
It \las shown that pH 8 buffers containing TRIS, MES t MOPS, PIPES or 
acetate gave full TbeIII) fluorescence enhancement. Buffers containing 
BIClNE or TRIClNE prevented the effect possibly because they formed 
complexes with Tb(III). Phosphate, borate and bicarbonate buffers 
gave a very much reduced Tb(III) fluorescence sensitisation and 
turbid solutions. These anions probably formed insoluble compounds 
with Tb(III) which prevented the rare earth ion from participating 
in protein binding. 
The pR dependence of the Tb(III)-transferrin fluorescence 
enhancement effect is shown in Fig. XVI. Maximum enhancement was 
obtained at pH 9.0. The decrease in enhancement at acid pRs may have 
been due to the increase in the hydrogen ion concentration competing 
with Tb(III) for the protein metal binding site. Tb(III) ions are 
converted to insoluble hydrated terbium oxide at alkaline pHs. 
Above pH 9 this insoluble precipitate becomes progressively more 
stable than the metal-protein complex and more Tb(III) is removed 
from the protein metal site with increasing pH. 
Addition of Tb(III) to transferrin containing a 10-fold molar 
excess of Fe(III) did not produce enhancement of the TbeIII) 
fluorescence. When TbeIII) was added to iron-free conalbumin, Tb(III) 
fluorescence sensitisation similar to that obtained with transferrin 
was observed. The fully metallised conalbumin showed no ability to 
enhance TbeIII) fluorescence even at maximum instrument sensitivity. 
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The results indicate that transferrin and conalbumin do not 
give Tb(III) fluorescence enhancement in the presence of Fe(III). 
This is probably because Fe(III) can compete successfully lath Tb(III) 
for the protein metal site and is further evidence that Tb(III) 
fluorescence enhancement occurs when Tb(III) ions occupy the protein 
metal binding sites. 
When the experiments in this section were repeated, using each 
of the lanthanides Nd(III), Sm(III), Eu(III), Dy(III) and Er(III), 
no enhancement of the lanthanide fluorescence was observed. 
showed that these other rare earth ions could effectively bind to the 
transferrin metal sites. Thus the lack of fluorescence sensitisation 
was probably a consequence of there being no overlap of suitable 
fluorescence energy levels for energy transfer to occur. 
At 77 K using 50:50 pH 6.3 PIPES buffer:,glycol a fifteen-fold 
enhancement of Tb(III) fluorescence by apotransferrin was observed, 
compared with an eighty-fold enhancement in the same Medium and 101>' 
metal:protein ratio,at room temperature. Optical artifacts make 
direct comparison between 77 K and room temperature results difficult: 
however, the results indicate that the effect can be seen and thus 
probably takes place by an intra rather than inter molecular mechanism. 
The evidence obtained so far indicates that_the transferrin case 
of intra molecular energy transfer to Tb(III) occupying an intrinsic 
metal site may be rare. The effect with transferrin differs from 
that obtained in the other systems studied in several respects. 
Transferrin and related proteins give a much greater enhancement 
effect than any other species studied; which reaches a maximum at 
a Metal:protein ratio of 2:1. In all the other systems, where the 
degree of enhancement was smaller, the m~~mum fluorescence enhancement 
required a large excess of the lanthanide ion. It is probable that 
although transferrin-Tb(III) fluorescence interaction involves specific 
-&{-
sites, the effects observed with tyrosine, its peptides and Many of 
the other proteins studied may result from a non-specific interaction. 
3.1.7. Interaction of Tb(III) with Haemerythrin 
Two or three tyrosine residues are thought to be involved in 
the formation of the metal site in transferrin111 • In order to get 
a large (»1000-fold) enhancement of Tb(III) fluorescence,it may be 
necessary for the donor fluorophore to actually participate in the 
metal binding. Therefore proteins which have tyrosine residues as 
ligands to a metal site would seem to be likely to give large 
enhancements of lanthanide ion fluorescence. 
There are few \fell-characterised proteins that fit this 
requirement. A protein that does have tyrosine residues at the metal 
binding site is haemerythrin. However, when Tb(III), or any of the 
other five lanthanides used previously, was added to the demetallised 
protein, no lanthanide (Ill) fluorescence enhancement was observed. 
This indicates that the presence of tyrosine residues as ligands to 
the metal sites is not the sole criterion for a large fluorescence 
energy transfer to Tb(III). The lack of fluorescence enhancement 
may be explained in several ways. The tyrosine residues may not be 
in the correct orientation for energy transfer. or else the lanthanide 
may be too large to fit into the metal binding site. ~ Alternatively, 
the presence of a quenching moiety near the metal site may prevent 
energy transfer from the participating tyrosine residues. 
The results obtained for the proteins tested indicated that 
production of a large (:>1000-fold) enhancement of Tb(III) fluorescence 
is not a common phenomenon in proteins and may be unique to those with 
sites very similar to that of transferrin. 
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3.1.8. Interaction of Tb(III) with Con A. 
While the initial studies in the present work on the enhancement 
of Tb(III) fluorescence were being carried out (at pH 8.0) a paper67 
on the enhancement of Tb(III) fluorescence by con A at pH 5.6 appeared 
in the literature. In the early part of the present study, in which 
the Fluoripoint instrument was used, the fluorescence intensities 
measured below pH 7 were too small to obtain meaningful results. 
However, during the present study the Fluoripoint spectrofluorimeter 
was fitted with new mirrors which substantially increased its 
sensitivity. Also, a more sensitive Fluoricord instrument ~IaS 
purchased at about the same time. Those improvements in instru-
mentation enabled \-/Ork to be carried out on systems giving smaller 
enhancements of Tb(III) fluorescence. 
Sherry and Cottam67 obtained their evidence, that fluorescence 
interaction bet\,een Tb(III) and con A involved lanthanide Occupancy 
of the Mn(II) and Ca(II) binding sites, at pH 5.6. At this pH the 
protein is thought to exist in the 'dimer' form (M\4 = 53,000). 
Attempts were made to repeat these results using the conditions 
employed above. Below pH 6.8 no hydrated terbium oxide was precipitated 
from Tb(III) solutions and the mixture remained clear throughout the 
experiments. 
Scatchard plota16,67for the binding of Tb(III) to con A at pH 
5.6 were made. In calculating the results from the fluorescence 
titration it "as assumed that "here the first addition of Tb(III) 
to the cell was made (usually at a Tb(III):protein ratio of 0.2:1) 
all the added Tb(III) was bound at a metal site. For all subsequent 
points the sensitised Tb(III) fluorescence intensity was assumed to 
be proportional to the amount of Tb(III) bound at a specific metal site. 
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For each addition of Tb(III):-
enhanced Tb(III) fluorescence after that addition 
(5) Mb 0< 
enhanced Tb(III) fluorescence after first addition 
(6) Mt = total aT-ount of Tb(III) added to the cell 
where Mt is the total metal concentration, ~ is the metal bound to 
the protein and Mf the free metal concentration. Pt is the molar 
concentration of the protein, assuming a 'dimer' molecular weight 
of 53,000 and n is the number of metal ions bound. 
A graph of DlMf against n for each addition was plotted. A 
typical example of the form of the graph obtained is shown in Fig. 
XIII. The number of binding sites was obtained from the intercepts 
on the n'axis and Kn the dissociation constant from the slopes of 
the lines. The results obtained from a series of experiments are 
shown in Table 11. 
The results shown in Fig. XIII and Table 11 indicated that 
there were apparently two separate types of Tb(III) binding sites 
on con A. For three sets of data with demetallised con A an average 
of 8.0 metal binding sites with an average ~ of 177 x 10-6}kM and 
-6 4.0 metal sites with ~ of 17 x 10 }k 11 were obtained. For nine sets 
of data on fully Metallised con A an average of 7.8~4.1 metal binding 
sites with an average ~ of 206~1281"'M and 1.4~1.5 sites with an 
average Kn of 18.2:!:20.0,...M were obtained. As Table 11 shows these 
values were not very reproducible. Similar results were obtained with 
both fully metallised and demetallised con A, although the apoprotein 
apparently had more of the weaker sites. 
Sherry and Cottam67attributed their Tb(III) fluorescence 
enhancement effects to the bindin3 of rare earth ions at the specific 
Pia. XIII. 
Fl~rescence Titration of COn A trlth Tb(III) - Scatchard Plot. 
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TABLE 11 
Results Used for the Scatchard Treatment of Tb(III)Fluorescence Enhancement 
by Con A 
Initial Erotein ;Ratio of Ratio of iSJ obtained AEEarent no: 
concentration :Erotein Tb Tb :Erotein .u.11 of metal 
based on MW53000 after 1st after last i sites 
Demetallised con A. addition addition 
6 -6 6. x 10 1.5: 1 54.5:1 109 x 10-6 6.2 
38 11 8.0 
9.7 11 0;2:1 21.6:1 267 • 11.0 *" 14 
" 
2.0 :f: 
9.2 11 0.2:1 23.8:1 156 11 6.2 
11 " 1.4 
Full~ metallised con A 
4 -6 0.1: 1 63.5:1 475 x 10-6 2.5 2. x 10 
21 11 0.4 
2.0 11 0.2:1 105.0: 1 112 11 8.7 
29 11 5.0 
1.1 x 10-5 0.2:1 19.2:1 116 11 11.1 
77 11 0.5 
2.9 11 0.1: 1 14.5:1 143 11 5.3 
5 11 0.5 
2.9 11 0.1:1 11.8: 1 150 11 6.0 
18 11 1.8 
1.5 11 0.3:1 15.1: 1 280 11 13.1 
2 11 0.9 
~ 
0 
I 
Table 11 contd 
Ini hal protein Ratio of Ratio of 
concentratJ.on Tb:protein Tb:Erotein 
based on HW53000 after 1st after last 
addihon addJ.tion 
8.2 x 10-6 0.2:1 24.4: 1 
" " " " 
2.4 x 10-5 0.1: 1 15.1 :1 
" " " " 
1.2 
" 
0.2:1 17.5:1 
" " " " 
~ These results used for graph in Fig. XIII 
KD obtained 
H,M 
95 x 10-6 
4 
" 89 
" 2 
" 175 
" 3 " 125 
" 4 
" 250 
" 5 
" 450 
" 3 " 
t.pparent no: 
of metal 
sites 
12.1 
2.1 
8.9 * 
1.4 "* 
3.1 
0.3 
3.6 *" 
0.9 "* 6.2 
0.8 
9.9 * 
0.9 * 
* These results calculated using the same fluorescence intensities as those 
immediately preceding. Areas of the intensities measured with a 
planimeter and used instead of the peak heights used in the other 
calculations. 
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calcium and manganese sites of con A. However, they did not report 
any results for the fully metallised proteins. 
The lack of precision in the present work was probably a 
consequence of using the fluorescence intensity obtained after the 
first addition of Tb(III) to calculate the amount of metal bound 
after all subsequent additions. In the present study the ratio of 
Tb(III):protein after the first addition Was usually 0.2:1; similarly 
in Sherry and Cottam's work67the ratio was 0.3:1. Perhaps it Was 
not valid to assume that at this ratio all the added Tb(III) would 
be bound to the protein. In the present work the fluorescence 
intcnsities after most of the Tb(III) additions were large enough 
to be measured easily. However, the fluorescence intensity after 
the first Tb(III) addition, that \~as used to calculate Mb for all 
the other additions, was usually quite sMall. A typical first 
Tb(III) fluorescence intensity, \-Tith the instrument set for the 
best signal to noise ratio, is shown in Fig. XIV. 
Fig. XIV 
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The noise and sloping baseline shown in Fig. XIV renders measurement 
of the Tb(III) fluorescence intensity very unreliable. The use of 
this measurement uas probably the main reason for the lack of 
reproducibility of the results. If higher Tb(III):protein ratios were 
used to obtain Mb the fluorescence intensity obtained would be 
easier to measure against the noise and baseline but then the 
assumption that the fluorescence intensity \las related to l~ would 
be even less valid. Increasing the concentrations of both protein 
and metal (keeping the ratios similar to those used above) would give 
higher fluorescence intensities,but also higher absorbances which 
may give fluorescence self absorption unless front-face optics are 
employed. In the previous paper67 the Tb(III) fluorescence intensity 
obtained using a protein concentration of 1.9 x 10-~! and a Tb(III) 
concentration of 2 x 10-411 was illustrated. At this 100:1 metal: 
protein ratio the fluorescence intensity shown would be easily measured 
but at their Tb(III):protein ratio of 0.3:1 used to obtain Mb,the 
intensity would probably be as difficult to measure as those in the 
present work. 
In the present work, the three cases in which pew{ areas were 
used as a measure of intensity yielded similar numbers of metal sites 
but significantly different dissociation constants. Since the same 
fluorescence intensities were used in both height and area 
measurements the difference is a reflection of the inaccuracy of 
measurement of the intensity especially at small metal:protein ratios. 
In order to avoid using the initial small fluorescence intensity 
as a basis for all calculations of the amount of bound metal, attempts 
were made to calculate the nunber of binding sites and the dissociation 
constants using the method described by Gutfreund18• Here the 
fluorescence intensity obtained at saturation (when further additions 
of Tb(III) produced no further increase in fluorescence enhancement) 
was used to calculate R, the fractional binding of Tb(III) after 
each previous Tb(III) addition. In practice up to a 200-fold 
• • Molar excess of Tb(III) per dimer had to be added before the 
fluorescence enhancement,compared with the unenhanced Tb(III) 
fluorescence,stopped increasing, as sho\m in Fig. XVA. A typical 
o graph of 1/1-R against CL' where R is given by the ratio of the 
fluorescence intensity after a Tb(III) addition, to the fluorescence 
intensity at saturation and e~ is the number of Tb(III) ions added 
per 'dimer', is shown in Fig. XVB. The plots obtained for metallised 
and demetallised con A were similar and were not typical of binding 
at a few simple sites. 
As the results obtained were similar for fully metallised and 
apoprotein it is suggested that Tb(III) fluorescence enhancement may 
result from interaction other than the binding of the rare earth 
ion at the Ca(II) and Mn(II) sites of the protein. It is unlikely 
that Tb(III) could compete equally successfully for both the transition 
metal and calcium sites in both the presence and absence of the 
native metal ions. Evidence for the inability of lanthanides to 
occupy the Ca(II) sites in con A is put fOr\'lard in X-ray work on 
A 12,14 con • 
The enhancement of Tb(III) fluorescence on titration of fully 
metallised and apOcon A with Tb(III) at pH 6.3 is included in Fig. X. 
In both cases more than a hundred-fold molar excess of Tb(III) was 
required to achieve maximum sensitisation. An eighty-fold increase 
in Tb(III) fluorescence enhancement was observed at a metal:protein 
molar ratio of 800:1. The high ratios required indicate that the 
Tb(III) fluorescence enhancement is not wholly explicable by 
interaction of the rare earth ion at one or two specific sites. 
The incorporation of equimolar proportion of Ca(II) into the Tb(III) 
titrant did not affect the Tb(III) fluorescence observed. 
Fig. xv. 
~luorescence Titration of Con A with Tb(III) - Gutfreund Plot. 
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The TbeIII) fluorescence enhancement obtained for con A at 
77 K was similar to that at roo~ temperature for equivalent metal: 
protein molar ratios for both apo and fully metallised protein. There 
was no difference in the u.v. absorption spectrum of con A in the 
presence and absence of TbeIII). 
The activity of con A, as tested by its ability to precipitate 
glycogen and bind to ~ephadex G100 was completely removed by the 
presence of a hundred-fold excess of TbeIII). This suggests that there 
must be some interaction between the metal and con A. The triply 
charged TbeIII) may affect the conformation or subunit structure by 
its effect on the interactions between charged groups in the molecule. 
The high metal:protein molar ratio required to achieve maximum 
TbeIII) fluorescence enhancement by con A suggests that the effect 
cannot be wholly attributed to the binding of Tb(III) at a fet" 
specific sites. Ca(II) did not appear to affect the TbeIII) fluorescence 
enhancement titration - further evidence that binding of Tb(III) 
at the calcium site \-Ias not involved. The greater part of the increase 
in Tb(III) fluorescence occurred during the addition of the first 
hundred moles of the lanthanide ion. Also, enhancement ~/as observed 
at 77 K ~/here collisional interaction could not occur. These results 
suggest that the Tb(III) fluorescence enhancement by con A involves 
TbeIII) binding to metal sites on the protein. However, it is 
likely that there is interaction between Tb(III) and the protein at 
other sites which do not cause TbeIII) fluorescence enhancement. The 
high molar ratios required in the fluorescence titrations may be a 
consequence of the TbeIII) ions being 'used up' in non fluorescent 
interactions. Also TbeIII) may interact with tyrosine residues on 
the protein to give Tb(III) fluorescence enhancement by a non-specific 
process (see Section 3.1.2) which may give rise to some of the 
observed fluorescence enhancement. The absence of u.v. difference 
spectra on addition of Tb(III) implies that any metal sites occupied 
by the lanthanide are not adjacent to aromatic acid chromophores. 
3.1.9. Interaction of Tb(III) t.n.th Porcine Trypsin 
During the COurse of the present work,a paper on the binding of 
divalent ions to porcine trypsin68 was published. It claimed 
a large Tb(III) enhanceMent due to binding of the lanthanide at the 
calcium site at pH 6.3. studies, similar to those carried out 
with con A \~ere made to investigate these claims. 
The results from the measurement of Tb(III) fluorescence 
enhancement during the titration of porcine trypsin \~ith Tb(III) 
are included in Fig. X. A Tb(III):trypsin molar ratio of 600:1 gave 
a sixty-fold Tb(III) fluorescence enhancement. As with con A greater 
than a hundred-fold molar excess of Tb(III) was required for maximum 
fluorescence sensitisation. The previous workers68found a much larger 
enhancement under apparently similar conditions, but this could not 
be reproduced in the present ~Iork. 
The experiments ~lere repeated using equimolar Ca(II) along with 
Tb(III) in the titrant. The presence of an equimolar amount of Ca(II) 
reduced the TbeIII) fluorescence enhancement by about 6~~. The 
experiments were also repeated after treatment (as described in 
section 2.4.6) to remove residual Ca(II). Here the results were 
similar to those obtained in the initial experiments. Tb(III) 
fluorescence enhancement was observed at 77 K but less readily than 
at ambient temperature. 
The results indicate that like con A, pDrcine trypsin-Tb(III) 
fluorescence enhance~ent is not wholly explicable in terms of binding 
to a few simple metal sites. The reduction in the Tb(III) fluorescence 
enhancement in the presence of Ca(II) indicates that at least some 
part of the effect occurs t~hen the lanthanide binds at sites which 
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normally bind Ca(II). As with con A the Tb(III) fluorescence 
enhancement effect probably involves some interaction at specific 
sites, some non-specific interaction ~~th tyrosine residues and is 
complicated by binding at sites not producing fluorescence enhancement. 
The fact that relatively less enhancement tiaS seen at 77 K than 
at room temperature indicates that the non-specific interaction may 
contribute more to the effect than is the Case ~th con A. 
3.1.10 The pH Dependence of Tb(III) Fluorescence Enhancement by Protein 
and Amino Acid Systems 
Tb(III) fluorescence enhancement by proteins was originally 
studied at mildly alkaline pHs. In most systems the use of these 
pRs resulted in the turbid solutions. At lower pRs clear solutions 
were obtained but the fluorescence enhancements were much smaller. 
A more detailed study of the pH dependence of enhancement was 
undertw<en to gain more information about the nature of the fluorescence 
enhancement effect. 
The pH dependence of Tb(III) fluorescence enhancement by 
transferrin, con A, tyrosine, aminotyrosine, tyrosyltyrosine and poly-L-
tyrosine was investigated. The results for the first four of these 
are shown in Fig. XVI. The pH dependence curve for poly-L-tyrosine 
is not illustrated as it was virtually identical in shape to that 
shown for tyrosine. The amount of the enhancement t'/aS less than for 
tyrosine. This was probably because precipitation in mildly alkaline 
solution t;as more extensive than ~th any of the other substances. 
The pH dependence of Tb(III) fluorescence enhancement by trans-
ferrin tiaS sienificantly different from th<1t obtained ~th the other 
materials examined. In the other cases Tb(III) fluorescence enhancement 
diminished rapidly above pH 8.0 and the solutiolli3 became turbid. 11ith 
transferrin maximal fluorescence enhancement "as observed at pH 9.0 
and the solutions reMained clear at even higher pHs. 
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The lot1er pR for maximum Tb(III) fluorescence enhancement by 
aminotyrosine, compared with tyrosine, probably reflects the lO>ler 
acid dissociation constant of the phenolic OH of the amino substituted 
compound. The Tb(III) fluorescence enhancement of most of the substances 
decreased at increasingly more alkaline pRs where the tyrosine: 
tyrosinate ratio was decreasing. This implies that the Tb(III)-
tyrosine interaction may involve interaction between the rare earth 
ion and undissociated (with respect to the hydroxyl group) tyrosine. 
With con A the maximum enhancement of Tb(III) fluorescence 
occurred at a slightly lower pR than for the other materials examined. 
RO\iever, no conclusions can be made from this as the pH dependence 
of hydrogen bonding and subunit aggregation in con A may affect its 
interaction with Tb(III). 
The significant stabilisation of Tb(III) fluorescence enhancement 
above pH 8 observed ~~th transferrin probably occurs because the Tb{III) 
in the metal site forms a complex with the phenolic hydroxyl groups 
of tyrosine. This stops the change from tyrosine to tyrosinate anion 
taking place until much higher pHs are reached. In all the other 
cases any complex formation that may occur is not strong enough to 
prevent the formation of tyrosinate. The enhancement of Tb(III) 
fluorescence by transferrin could be observed at alkaline pHs in 
non-turbid solutions at a low metal:protein ratio. This was because 
the metal ions \iere tightly bound at the protein metal sites and no 
hydrated Tb(III) oxide was produced. If excess Tb(III) was added to 
transferrin, turbidity was observed. Addition of Tb{III) to mildly 
alkaline solutions of con A or tyrosine at a 1:1 metal:donor molar 
ratio alt/ays gave solutions >lhich \iere slightly turbid. 
3.1.11 Quenching of Amino Acid and Protein Fluorescence by Tb(III) 
Where proteins and amino acids ,.ere found to enhance the 
Tb(III) fluorescence, it was noted that at the Same time the native 
fluorescence of the protein or amino acid was quenched by a few per 
cent. In most systems studied this quenching, along with the 
concomitant Tb(III) fluorescence enhancement, continued even after 
a Tb(III):protein molar ratio greater than 100:1 was added. It 
was decided to study this native fluorescence quenching during 
titration with Tb(III) to try to gain further information about the 
protein-lanthanide interaction. 
The fluorescence of a substance can be quenched by two main 
h . 113 mec an1.sms • 
1) By formation of a co~plex which has a zero or small quantuM 
yield 
2) Bt collisional quenching 
If the quenching is by process 1) then equation (9) applies 
where 10 is the initial fluorescence intensity 
I is the fluorescence intensity after the addition of a 
quencher concentration [Q] 
KA = [AQ] I( [A][Q) ) the association constant determining 
[Q] 
If the quenching is by process 2) equation (10) holds 
(10) loll = 1 + K [Q J 
here K is the collisional quenching constant 
Equation (10) is known as the stern-Volmer relationship. Equat~ons 
(9) and (10) sre similar. Experimental data which can be plotted by 
the two equations could involve either complex or collisional quenching 
- the plot \/ould not distin:;uish between the two mech:misms. 
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Moon et a1114devised equations applicable to fluorescence 
quenching data l1hich would readily detect deviations from the 
Stern-Volmer relationship. Their equations can be used to show 
whether quenching by both complex formation and simple collisional 
deactivation is occurring in a system. 
If the fluorophore and quencher form an association complex 
then :-
( 11) F + Q ~ F-------Q 
(12) KA ~ [F-------Q]I[F][Q] 
If F and Q are associated then F molecules in the complex are 
always available for immediate quenching. Thus the association 
constant corresponds to the association of quencher and ground-state 
fluorophore. The fraction of free fluorophore is given by:-
(13) [FJ/[F) + [F-------Q] = 1/(1 + KA [Q]) 
In the absence of association where only collisional quenching is 
involved the intensity of fluorescence I is given by:-
When both association and collision are possible 
On rearranging 
If[Q]»)[FJthen [Q]may be taken as the total quencher concentration. 
Thus (1/1)-1 plotted against [Q] should give a straight line with 
intercept Kq + KA and slope (KqKA). A straight line in parallel with 
the [Q1axis would indicate that either a collisional quenching or 
association mechanism is occurring but not both mechanisms together. 
The results from investigation of the quenching of the native 
emission that accompanied Tb(IrI) fluorescence enhancement (at pH 
6.3) plotted according to equations (10) and (16) are shown in Fig.XVII. 
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Since the graph obtained in Fig. XVIIB is a straight line parallel 
to the quencher concentration axis the interaction is either collisional 
or complexing, but not both. The first data point sholm in Fig. XVIIB 
is a long ~lay off the line. This reflects the accuracy of measuring 
the small difference between 10 and I after the first addition of 
Tb(III). Other sets of data were obtained with first points the 
opposite side of the line. The subsequent points became more 
accurate as the difference between 10 and I became larger. When 
experiments in which the Tb(III):tyrosine ratio ~las taken as high 
as 400: 1 plots analogous to those shown in Fig. XVII were still 
obtained. Equation (16) is obeyed, even at high metal:tyrosine 
ratios; thus the former mechanism is the more likely. 
~xring the quenching of the native tyrosine fluorescence spectrum 
no change in theJ-
e 
or Af maxima occurred. Tyrosine (7 x 10-514) 
fluorescence was quenched by 14% (after correction for dilution factors) 
by the addition of a 50:1 metal:protein ratio. 
The quenching of ribonuclease A fluorescence by Tb(III) is 
shown in Fig. XVIII. As with tyrosine,plots according to both 
equations (10) and (16) gave straight lines, the latter having zero 
slope; indicating that the mechanism of the interaction was probably 
similar to that found for tyrosine. The Tb(III) fluorescence 
enhancement reached a maximum at a Tb(III) concentration at which 
there was no sienificant reduction in the native protein fluorescence 
quenching by the metal. This may be because Tb(III) may still 
efficiently quench the ribonuclease A fluorescence by a collisional 
mechanism but the energy may not be efficiently transferred to 
manifest itself as Tb(Irr) emission. 
Hhen quenching of the native (tryptophan) fluorescence of porcine 
trypsin, apo and fully metallised con A by Tb(rrI) at metal:protein 
ratios of up to 1000:1 Was plotted according to the equations (10) 
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and (16), curves not straight lines I<ere obtained. All the curves 
Itere of similar shape, that for fully metallised con A being sho\ffi 
in Fig. XIX. The results are not surprising Hhen it is considered 
that the class B proteins have a heterogeneous array of fluorescence 
donors and that many other fluorescence interactions besides tyrosine 
to Tb(III) energy transfer can take place. Quenching could involve 
complex changes in the energy transfer between tyrosine and tryptophan 
when the former interacts l.nth Tb(III). The binding of Tb(III) 
at sites other than those giving fluorescence enhancement may also be 
a complication. 
Lehrer53found that the fluorescence of apotransferrin was quenched 
by 80% by the addition of two moles of iron. Addition of further 
iron caused no further significant fluorescence quenching. Luk62 
observed that the fluorescence of transferrin was quenched by about 
8% per site on binding of Tb(III). The addition of t"IO moles of 
Tb(III) to transferrin caused as much quenching as the addition of 
a large molar excess of Tb(III) to the other species examined in the 
present work. This result substantiates that the Tb(III) -transferrin 
interaction involves 2 specific sites but that the other interactions 
are more complex. 
Iron(III) quenches apotransferrin fluorescence to a greater 
extent than Tb(III) probably through the heavy atom effect. Protein 
fluorescence quenching accompanying Tb(III) fluorescence enhancement 
may be due in part to factors other than energy transfer to the rare 
earth ion. The Tb(III) fluorescence enhancement is thought to occur 
because of energy transfer from tyrosine, Hhile the protein fluorescence 
quenching concerns the effect of metals on the native (tryptophan) 
fluorescence. Thus, the fluorescence interaction may be very complicated 
and there may be no direct relationship bebleen quenching and 
enhancement. In the case of fluorescence quenching by Fe(III) there 
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may be energy transfer to the metal but no means by which fluorescence 
can take place. 
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AN ANALYTICAL HErHon FOR THE DErEmlINATION OF TRANSFER.~IN 
IN SERilll. 
3·2.1. Introduction to the Hethod 
The studies on the enhancement of Tb(III) fluorescence 
(Section 3.1 ) indicate that although some proteins show the effect 
the dramatic enhancement obtained with transferrin62 , related 
proteins63 ,64 and bovine factor x73may be rare. Since the 
production of a large ()1,000) enhancement effect may be unique to 
transferrin, among the proteins found in serum, the possibility of 
using it as a basis of an analytical method for this protein was 
considered. 
Transferrin is the principal iron-binding protein of human 
blood serum. It is usually found at concentrations of 2-4 mg ml-1: 
Im1er values being present in cases of nephrosis, malJ.gnant neoplasia 
and atransferrinaemia. In serum only about one-third of transferrin's 
iron-binding capacity is normally utilised at any one time11 • 
For the Tb(III) fluorescence enhancement to be used in an 
analytical method for transferrin, Tb(III) must be introduced quanti tat-
ively into the protein metal. sites \1hich are normally occupied by 
Fe(III). Also, the fluorescence enhancement must be proportional to 
the transferrin concentration. Other substa~ces present in sera 
must not interfere with the interaction. 
3·2.2. Development of the Hethod 
Initially experiments on Tb(III) fluorescence enhancement 
by pure apotransferrin showed that a linear calibration curve 
(correlation coefficient r> 0.999) could be obtained on the addition 
of Tb(III)(10-5H) to apotransferrin (1.8 x 10-811) in TRIS:HCl buffer 
(pH 8.0 : 0.11\). For a method to have any practical value it must 
be applicable to real. biological samples containing indigenous metal 
ions. 
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llhen Tb(III)(lO-511) was added directly to a solution of serum 
diluted with TRIS:HCl buffer to give a transferrin content of 
-8 ) 10 M, no Tb(III fluorescence enhancement was observed. This 
result would be expected since previous work (Section 3.1.6) showed 
that iron saturated transferrin did not enhance Tb(III) fluorescence. 
In serum one-third of the transferrin is normally complexed ~Iith 
" 11 loron Therefore, for Tb(III) to enter the metal sites, any iron 
present in those sites must be removed while the ability of the 
protein to take up added metal ions is preserved. After removal of 
the metal ions, the protein must be returned to conditions where it can 
accept Tb(III) into the metal sites to give Tb(III) fluorescence --
enhancement. Problems may arise because proteins or other species 
may bind the Tb(III) ions and prevent them from entering the 
l 
transferrin site. ~aterials present in serum may interfere with 
the absorption of u.v. light, the energy transfer process or the 
fluorescence of the Tb(III)-transferrin complex. 
Iron-free transferrin is usually prepared using lor,~ citric 
"d115 acl. • The use of this reagent followed by the subsequent return 
of the solution to pH 8.0 in the presence of Tb(III) gave no 
fluorescence enhancement. Citrate may have complexed with the 
Tb(III) ions and prevented their interaction-with transferrin. 
Dialysing away excess reagent was attempted but found to be of no 
value. Similarly the use of ascorbic acid or 1,10-phenanthroline, 
followed by dialysis, gave no Tb(III) fluorescence enhancement. 
Addition of the serum to acidified Tb(III) solution, before 
bringing the pH to 8.0, was found to be a rapid and simple way to 
get the Tb(III) ions into the transferrin metal sites for observation 
of the fluorescence enhancement effect. In the earlier e~"periments 
hydrochloric acid (0.ll1) was used. When the Tb(III) fluorescence 
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enhancement intensities given by 'unknown' serum samples were compared 
with those obtained from standard sera, the results were of the right 
order of magnitude but were not very reproducible. This may have 
been because the acid was destroying the transferrin metal sites 
and impairing their ability to complex with Tb(III). The use of 
more dilute acid was considered and experiments showed that the 
best results were obtained using hydrochloric acid (lO-3M) at the 
acidification stage. 
A several hundred-fold excess of Tb(III) to transferrin was 
used in the final method (see Table 12). The concentrations of 
serum and Tb(III) were chosen to give optimum fluorescence enhaucement, 
minimum of turbidity in the solutions and minimum fluorescence of 
the unenhanced Tb(III) in the blank solution. The large excess 
of Tb(III) was probably required for the following reasons:-
1) Tb(III) may be required in much greater excess than the 
Fe(III) present in the serum in order to compete success-
fully for the metal sites. 
2) Tb(III) may be 'adsorbed' by and involved in non-fluorescent 
interactions with other proteins e.g. serum albumin. 
3) Tb(III) may form insoluble compounds and be removed from 
solution. The diluted sera would contain phosphate 
(2 x lO-6M)116 (see Table 12) and also bicarbonate ions, 
which form insoluble lanthanide compounds. 
It is interesting to note that bicarbonate has been implicated 
as being required for the uptake of Fe(III) into the transferrin 
metal sites.11 Bicarbonate was not included in the buffers used 
to observe the TbeIII) enhancement effect in the present work. 
Addition of bicarbonate caused a lOtlering of the Tb(III) fluorescence 
Table 12 
Concentration of some species in solution durinG the 
Fluorescence Determination of Transferrin 
Species 
Tb(III) 
Concentration (nolarity) 
3.0 x 10-5 
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Transferrin 
Phosphate 
-8 2.2 x 10 (standard serum) 
2.2 x 10-6(3.49 r;'Ig' / ml}ref 116 
enhancement obtained. Perhaps this is why the Tb(III)-apotransferrin 
enhancement found in the present work (Section 3.1.6) is higher than 
62 Luk's value. It is possible that bicarbonate is involved in 
Fe(III) binding but may not play any part in Tb(III) binding. 
The pH dependence of the enhancement of Tb(III) fluorescence 
by transferrin shows a maximum above pH 9 (see Fig. XVI). HOI·/ever, 
pH 8 was found to be a more satisfactory final pH for use in the 
method because more alkaline pHs tended to eive turbid solutions. 
In the method finally adopted, treatment of the acid solution 
(10-3M) with buffer gave a solution pH of 8.0 ~ 0.1. 
The use of pure apotransferrin as a standard Has considered. 
However, the high Tb(III): transferrin ratio required in the analysis 
procedure for the sera produced less Tb(III) fluorescence erihk~ement. 
than Hhen a Tb(III):apotransferrin ratio of 10:1 was e~ployed. In 
pure apotransferrin solutions no other materials would be available 
to 'mop up' excess Tb(III) ions (See 2 and 3 above). These free 
Tb(III) ions could quench the native protein fluorescence and reduce 
the energy available for transfer to the Tb(III) bound at the 
intrinsic transferrin metal sites. Thus a standard serum, \Those 
composi tion would more closely resemble the unknown saI'lples being 
examined, \1aS considered to be a more satisfactory standard thnn pure 
apotransferrin. 
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After the add~tion of the serum to the acidified Tb(III), 
three to five minutes were allowed to elapse before the solutions 
were made up with the final buffer. This time period was not found 
to be cr~tical. Reproducible results were obtained when the 
period used was anywhere between one and fifteen minutes. If the 
solutions were left longer than fifteen minutes at the acid stage 
there was a slow but progressive decrease in reproducibility. 
The solutions ~Jere measured on the fluoriMeter within fifteen 
minutes of buffering to pH 8. This time period, like that at the 
acid stage was not found to be critical. The precision deoreased 
to some extent if the samples were left for a long time at pH B. 
e.g. if the solutions were left overnight before measuring the 
precision fell to ! 8.4% (from ~ 5.6% ). 
3.2.3. The Final Hethod and the Results Obtained 
After consideration of the factors discussed above, the 
method described in Section 2.5.1 was found to be the nost 
satisfactory procedure. Fig. XX shol~s the intensities of the Tb(III) 
fluorescence enhancements obtained from a series using increasing 
volumes of a serum saMple. Fig. XXI shows a typical fluorescence 
intensity versus serUM sample size calibration. The fluorescence 
enhance'llents obtained were found to be linear lath increD.Sing sample 
volume, for the five samples.and standards tested, up to a sample 
size of BJ41. Larger serum volumes gave negative deviations from 
linearity. This moy have been because inadequate Tb(III) ion 
concentrations were available to compete for the transferrin metal 
sites in the presence of larger amounts of serum constituents. 
The correlation coeff~cients calculated for serum sample volUMes up 
to B p.l for the five samples and the standard examined are shmm 
in Table 13. 
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Table 13 
Correlation Coefficients of Fluorescence Intensities 
Versus Sample Volume for 0-8ILl of Various Sera 
Serum Sample 
A 
B 
C 
D 
E 
Standard 
Correlation Coefficient 
0.995 
0.999 
0.998 
0.999 
0.999 
0.999 
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Table 14 shows the results obtained for the fluorimetric nethod 
compared with those obtained by radial immunodiffusion. In all 
cases the agreement \las excellent and the precision of the fluorescence 
method was superior. The transferrin contents of samples C and E 
were also determined by rocket iomunoelectrophoresis.101 This 
method indicated a transferrin content of 3.16 mg/ml for C ~nd 
1.61 mg/ml for E (both results 11ere the average of three samples). 
The results show that the fluorescence enhancement oethod gives 
satisfactory results compared with the methods used at present. 
Although other iMmunological methods such as electroimmunodiffusionl17 
have even greater precision, the present method has the advantages 
of being very rapid and simple to perform. It requires only small 
volumes of serum and does not involve the use of expensive antisera 
whose titres may change. 
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Table 14 
Comparison of Fluorimetric and Radial Immunodiffusion Methods 
for Deter!ij~ning Serum Transferrin 
Serum 
Sample 
A 
B 
C 
D 
E 
Transferrin concentration, -1 mg.ml 
Fluorimetry 
3.26 :!: 0.20 (7) 
3.52 :!: 0.15 (7) 
2.75 :!: 0.16 (7) 
3.21 :!: 0.13 (11) 
1.66 :!: 0.13 (lO) 
Radial Immunodiffusion 
3.00 :!: 0.28 (6) 
3.44 :!: 0.26 (6) 
2.93 :!: 0.28 (4) 
3.38 :!: 0.25 (6) 
1.62 :!: 0.13 (5) 
Figures in brackets indicate numbers of samples 
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3.3. SO:.m EFFECTS OF 11El'AL IONS ON PROTEIN SYSTEM FLUORESCENCE 
3.3.1. The Effect of l1etal Ions on Con A and Amino Acid Fluorescence 
Tb(III) was found to quench the native fluorescence of 
~any proteins including con A. For completeness, the effect of 
a number of other metals on the fluorescence of con A was investigated; 
the fully metallised protein being used in all the experiments. 
After dilution effects had been corrected for, the addition of a 
100:1 molar ratio of any of the metals l1g(II), Ca(II), Sr(II), Ba(II), 
l1n(II), Ni(II) and Cd(II) to con A solution brought about up to 5% 
quenching of the native protein fluorescence. The quenching was 
observed in both TR1S:HCI buffer at pH 7.2 and PIPES buffer at pH 6.3 
The effect was not very reproducible and was sometimes not observed 
at all even when the same metal was added to a different batch of 
the same con A solution. An attempt was made to apply the 
Stern-Volmer equation to the fluorescence titration results for all 
the above Metals. A plot shol1ing the application of the Stern-
Volmer equation to the quenching of con A fluorescence by Ca(II) 
(after correction for the dilution) is shown in Fig. XXII. It 
is typical of the above metals which all gave similar shaped curves 
although the amount of quenching was variable. As with the con A -
Tb(III) results, the deviation from linearity-probably occurred 
because the changes taking place affected a large number of 
fluorescence energy transfer processes. 
Perhaps the quenching occurs because the metals accelerate 
a conformational change. They may affect subunit aggregation or 
change the orientation of protein side-chains and alter the amount 
of exposure to the solvent of some of the aromatic amino acid 
residues. It is possible that the addition of metal ions may serve 
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to accelerate a conformational change that occurs slowly in solution 
even in the absence of metal ions. This may explain why the effect 
was not reproducible. It tiaS noted that the biggest effect (5% 
quenching) occurred }ath protein solutions that had been freshly 
prepared immediately prior to making the measurements. 
Tb(III) caused a 10% quenching of con A under the conditions 
described above. The bigger effect may have been due to additional 
loss of protein emission through energy transfer to the lanthanide 
ion and/or the heavy atom effect. As in the case of transferrin,53 
the addition of Cu(II), Fe(III) or Hg(II) caused more than 601~ 
quenching probably through the heavy atom or paramagnetic effects. 
Zinc(II) was unique in causing an increase in con A fluorescence 
(see Section 3.3.2). 
Addition of any of the metals, giving ~~ quenching of con A 
fluorescence, to tyrosine or tryptophan did not quench the amino 
acid fluorescence (t,hen dilution effects tiere taken into account). 
This is further evidence that the quenching is caused by changes in 
the macrostructure of con A, not interaction between the netal ions 
and isolated fluorophores. Fe(III), Cu(II) and Hg(II) caused 
extensive tryptophan and tyrosine fluorescence quenching - probably 
through the heavy atom or paramagnetic effect._ 
3.3.2. The Increase of Protein Fluorescence in the Presence of 
Zinc(II) • 
Since Zn(II) was found to be unique in giving enhancement 
of the native con A fluorescence, a further investigation of the 
phenomenon ~las made. \lhen fully metallised con A was trea~ed ~li th 
Zn(II) at pH 7.2, enhancement of the protein fluorescence by approx-
inately 2016 was observed after a 170: 1 metal:protein molar ratio of 
Zn(II) had been added. The curve obtained ~lhen the Stern-Volmer 
equation was applied to the fluorescence of con A during titration 
-93-
with Zn(II) (after correction for dilution) is included in Fig. XXII. 
5% con A fluorescence enhancement was observed at pH 6.3 using the 
same concentrations as in the experiment at pH 7.2. 
The tyrosine contribution to the fluorescence of con A 
was found to be ~~ as found ~n previous work. 110 This contribution 
was unchanged in the presence of Zn(II). Unlike Tb(III), Zn(II) 
did not reduce the activity of con A, measured by the adherence of 
the protein to Sephadex G100 or its ability to precipitate dextran. 
This indicates that the interaction of Tb(III) and Zn(II) with con A 
may not be by the same mechanism. Perhaps Zn(II) with its smaller 
charge does not interfere with the protein side chain interactions_ 
in the same way as tripositive Tb(III). Alternatively, Zn(II) may 
~nteract at a completely different site and may not cause as much 
damage to the saccharide binding properties of the protein. 
The addition of Zn(II) to insulin, ribonuclease A, porcine 
and bovine trypsin, bovine chymotrypsin and chymotrypsinogen, bovine 
serum albumin, IgG and apotransferrin did not enhance the native 
protein fluorescence. Hany of these proteins give fluorescence 
interactions .d th Tb(III). Therefore,these results are further 
evidence that the Tb(III) and Zn(II) interactions occur by different 
mechanisms. 
In order to ascertain whether enhancement of con A fluorescence 
by Zn(II) was associated >dth a macrostructural feature or with simple 
properties of amino acids, studies of Zn(II) interaction with aromatic 
amino acids and simple peptides were undertaken. The effects of 
Zn(II) and Ca(II) on tyrosine and tryptophan fluorescence were compared. 
After dilution factors had been accounted for no change in tyrosine 
fluorescence \~n.s observed on addition of Ca(II) or Zn(II). Also, 
Ca(II) had no effect on tryptophan fluorescence. However, Zn(II) 
increased the native fluorescence of tryptophan by 3% at pH 6.3 and 
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37,~ at pH 7.2 (using a metal:protein molar ratio of 100:1). The 
Scatchard plot (equation (1) Section 1.2.4) could not be applied 
to the tryptophan - Zn(II) fluorescence titration, since the 
fluorescence increased as rapidly ,~hen a 30:1 metal:amino acid molar 
ratio had been added as at the beginning of the titration. At pH 
7.2 addition of more than 100:1 Zn(II):tryptophan molar ratio caused 
precipitation, probably because of the formation of hydrated Zn(II) 
oxide. Zn(II) did not enhance indole native fluorescence. 
The results suggest that the interaction of Zn(II) Yith 
con A probably involves tryptophan residues. Houever, since the 
phenomenon is not observed ui th a number of proteins some specialis_ed 
metal--con A interaction may be involved. Tb(III) fluorescence 
enhancement probably directly involves tyrosine residues - further 
evidence that the Tb(III) and Zn(II) - con A interactions are 
different. 
The tyrosyltryptophan and tryptophylglycine native fluorescence 
uas not enhanced by Zn(II). Addition of a 100:1, metal:peptide 
molar ratio to glycyltryptophan gave an 8% enhancement of its 
fluorescence and a 200:1 Zn(II):peptide molar ratio gave a 14% 
enhancement at pH 7.2. Addition of a 50:1 Zn(II):peptide molar 
ratio to tryptophyltyrosine gave ~~ enhancement and a 200:1 Zn(II): 
peptide molar ratio 7"; enhancement at the same pH. Zn(II) did not 
affect the tyrosine contribution to tyrosyltryptophan or tryptophyl-
tyrosine fluorescence. 
Considering tryptophyltyrosine and tyrosyltryptophan, it 
is note\;orthy that only the former gives a positive fluorescence 
interaction \d th Zn(II) ~lhile only the latter enhances Tb(III)fluorescence. 
This suggests that the side chain interactions eg uith COO~, NH3~ 
or peptide bonds preventing or assisting the fluorescence interaction 
uith Zn(II) have the opposite effect on the Tb(III) interaction. No 
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change in the tyrosine contribution to a pe~tide emission dominated 
by the tryptophan would be expected, since the total enhancement 
effect vas less than 10% and was thought to involve tryptophan. 
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3.4. ESCA OF CON A AND Sm-lE 11ANGANESE CO!1PLEXES 
3.4.1. Analysis of compounds investigated 
All the manganese contents were 14ithin 0.5% of that theoretically 
expected from the formulae given in Table 15 except the EDTA 
complex (expected manganese content 17.8% w/w: found 19.9',0 w/w). 
This discrepancy may have been due to the complex containing 
less than the theoretical ten Molecules of water per mole. 
The con A material used was found to have 1.1 ! 0.1 moles of 
manganese per 27,000g of protein, as determined by atomic absorption 
spectroscopy. 
3.4.2. Manganese ~ Binding Energies 
The manganese 2p binding energy of each of the manganese 
complexes prepared and con A is shown in Table 15. The coordination 
sites obtained from literature X-ray crystallographic work are 
also given. 
The peak positions corresponding to the manganese ~1 and 
-;;: 
2pz binding energies of con A are similar to those obtained for 
3 
the other manganese compounds. 
3.4.3. Observation of the Hanganese Peak in Con A 
The time required to count the manganese in con A was long, 
as would be expected for an element at 0.20% w/w. The technique is 
only a little more sensitive for manganese than for the organic 
material present. 
Since the technique is sensitive to the depth of the element 
being counted below the surface, it is possible that photoelectrons 
eJected from the manganese may escape without being counted. 
Calculations using the attenuation equation of Steinhardt et a1122 
2 
sho\·, that the effective sampling depth of the protein manganese p~ 
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photoelectrons is in the region of 77R. 
It is noteworthy that manganese present at such a low 
concentration in the protein was observable at all. At the time, 
con A "as the largest protein to have been studied using ESCA. 
3.4.4. Discussion 
The binding energies of all the compounds examined lie in 
a very narrow range compared with those given by some oth~r transition 
metals e.g. Cr(III) or Co(III): this is probably a consequence of 
the large size of Mn(II). 
The higher manganese binding energies obtained for con A 
compared with the other manganese compounds may be a consequence of 
the increased surface charge on the protein compared "ith the other 
compounds. 
The results do not yield information on the exact nature of 
the manganese site in con A. Since the peak was observable it is 
likely that other ESCA studies on metals in proteins may yield useful 
results. 
Table 15 
Data from ESCA \'lork on Manganese Compounds 
Compound 2 2 Co-ordination site Ref Hn P, Mn P~_ 
bindi!\;, bindiil.~ from X-ra~ evidence 
ener~~ ener~~ 
11n(acac) 2.2..112O 652.6 640.7 6 coorCl dist- oct Mn(II) 118 
[(Phe) 3HeAs]2I1n(N03) 4 652.8 640.7 4' coord tet Mn(II) 119 
Mn(acac)3 653.1 641.3 6 coord oct Mn(III) 120 
I1n3[H( edta)]2 .10H2O 654.0 641.8 6 & 7 coord oct Mn(II) 105 
r.ln(ebdc) 653.2 641.8 4 coord tet I1n(II) 102 
K3Bn(CN)6 653.8 642.3 4 coord oct Mn(III) 121 
con A 654.5 642.7 
-98-
3.5. GENERAL DISCUSSION 
In the present study of the enhancement of lanthanide fluorescence 
by protein systems, six rare earth ions were examined but the effect 
was only observed with Tb(III). Lanthanide (III) fluorescence, 
especially from Tb(III) and Eu(III), has been shown to be enhanced 
~ by various donors • However, only Tb(III) fluorescence has been 
shown to be enhanced by amino acids and proteins. 
In the simple amino acids and peptides examined the presence 
of the tyrosyl moiety was required for the observation of Tb(III) 
fluorescence enhancement. The results indicate that the energy 
transfer is from tyrosine to the rare earth but that the presence of 
~ e tryptophyl, NH3 ,COO or peptide groups can affect the interaction. 
The results obtained are not readily interpreted as being due to 
interaction at a few specific metal sites but are explicable on the 
basis of a collisional mechanism between tyrosine and Tb(III). 
The two class A proteins examined gave a Tb(III) fluorescence 
enhancement effect similar to that obtained for tyrosine. The more 
detailed study made on ribonuclease A again indicated that the 
effect could be explained by a collisional mechanism. The positive 
enhancement \;ith class A proteins substantiates that tryptophan is 
not essential for observation of the effect. 
Many class B proteins enhanced Tb(III) fluorescence. The 
results with transferrin agree with those of Luk62• The huge Tb(III) 
fluorescence enhancement is readily explained as a fluorescence 
interaction between Tb(III) and the protein at two specific metal 
binding sites. The absence of Tb(III) fluorescence enhancement by 
haemerythrin indicates that the presence of tyrosine as a metal 
binding ligand is not the sole criterion for the fluorescence enhancement 
interaction. 
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None of the other proteins tested gave a Tb(III) fluorescence 
enhancement effect of the same order of magnitude as that obtained 
with transferrin and conalbu~in. In con A and porcine trypsin, 
the two class B proteins studied in most detail, the enhancement 
effect was intermediate between that seen with tyrosine and transferrin. 
A large Tb(III) excess was required for maximum effect. Since the 
effect was seen at 77 K it is not likely to be purely collisional. 
When Scatchard plots on the enhanced Tb(III) fluorescence 
titration of con A \..Lth Tb(III) were repeated as described by Sherry 
and Cotta~,67 the results could not be explained on the basis of 
binding of one mole of Tb(III) at each of the Ca(II) and Mn(II) sites. 
Further evidence lay in the fact that fairly similar results were 
obtained for both the apo and fully metallised protein. X-ray 
structural studies12 have indicated that Ca(II) cannot be replaced 
by rare earth ions. However, the results from the Scatchard treatment 
showed that there were more of the weaker binding sites on the 
apoprotein than the fully metallised protein. This indicates that 
some but certainly not all the effect may be at the Ca(II) or Mn(II) 
sites. Hg(II) was found22to bind tightly to a third site (independent 
of the Ca(II) and Mn(II) sites) on con A. The presence of metal 
sites other than the Ca(II) and Mn(II) sites was discussed by Becher 
et al14 in their paper on the X-ray structure of the protein. They 
located one of the sites(S3) which bound Pb(II) and Sm(III),at the 
surface of the protein close to where two subunits jOin. 
In later work Sherry and co-workers123said that lanthanides 
bind at both the Mn(II) and Ca(II) sites of con A to partially activate 
the protein. They also observed nearly equal Tb(III) fluorescence 
enhancement quantum yields whether the lanthanide was added to the 
apo or fully metallised protein. They cite Barber and Carver124as 
finding that the efficiency of energy transfer from an aromatic acid 
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(at or near S3) to Tb(III) does not change when the protein undergoes 
a metal induced conformational change. The Tb(III) fluorescence 
enhancement by con A probably involves some binding at metal sites 
perhaps including the Ca(II), Mn(II) and S3 sites and some collisional 
interaction. 
The effect observed with trypsin, like that observed with con A, 
probably resulted from both specific and collisional interaction. 
Less Tb(III) fluorescence enhancement was observed at 77K than at 
room temperature and Ca(II) affected the degree of enhancement obtained. 
The results indicate that the collisional interaction may be more 
important with trypsin than with con A and that the specific binding 
involves a Ca(II) site. Lanthanide ions have been found40,41 to 
substitute for calcium in the activation of the trypsinogen to 
trypsin conversion. Since lanthanide ions at high concentration were 
found to inhibit activity, whereas in low concentration they 
increased it,40 the presence of more than one lanthanide binding 
site is indicated. Epstein et a168 used Tb(III) fluorescence 
enhancement to study the competitive binding of a number of other 
metals to trypsin but did not take the possibility of multiple Tb(III) 
binding sites into account. 
The pH dependence of Tb(III) fluorescence enhancement by 
transferrin was significantly different from any of the other systems 
studied. With transferrin maximum enhancement was obtained at pH 9. 
Under the solution conditions giving maximum enhancement there was no 
turbidity, indicating that the metal complex formed was strong enough 
to stabilise the metal site tyrosine residues against conversion to 
tyrosinate anions. 
The quenching results obtained with tyrosine and ribonuclease A 
follow equations (10) and (16) and can be explained by a collisional 
mechanism. The quenching effect may not be directly related to the 
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enhancement effect (see Section 3.1.11). Con A and trypsin did not 
show the simple relationship. Lanthanides were found77 to quench 
indole and tryptophan residues by a dynamic mechanism not thought to 
involve metal complexation. Thus, native protein quenching by 
Tb(III) observed for class B proteins lIould be mainly through 
collisional interaction between tryptophan and Tb(III) and there might 
only be a small contribution from tyrosine-Tb(III) collisional 
interaction. In addition protein conformational changes induced 
by the metal might affect its fluorescence. 
Several of the papers on Tb(III) fluorescence enhancement are 
cited in a recent paper by Reuben33• 125 Also, Dower et al reported 
that IgG chains enhanced Tb(III) fluorescence by a factor of 100 at 
pH 5.5. Experiments on parvalbu~in72 indicate that Tb(III) fluorescence 
enhancement results fro~ energy transfer from phenylalanine residues, 
since the enhanced lanthanide fluorescence observed had ~ at 259nm. 
e 
Binding at a Ca(ll) site was assumed. Experiments on an analogous 
protein, troponin C, containing tyrosine instead of phenylalanine 
at the position in the peptide chain thought to be responsible for 
the enhancement, also gave the effect. Tb(III) fluorescence enhancement 
in garfish olfactory nerves t,/as also thought to involve calcium sites 
Erythrocyte ghosts71 were shown to enhance Tb(III) fluorescence. It 
was claimed that the interaction was at specific sites but several 
sites were thought to be involved, not one simple site. Furie and 
Furie73 obtained a large (lO,OOO-fold) enhancement of Tb(III) 
fluorescence by bovine factor X which was thought to involve the 
Ca(II) site. If, as indicated the effect with factor X was larger 
than in most of the systems studied in the present work, close 
proximity of donor to the lanthanide and possible chelation is 
implicated. 
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The results from the literature indicate that Tb(III) fluorescence 
enhancement often results from interaction of Tb(III) at specific 
protein metal sites (usually Ca(II) sites). HOI<ever, many >lorkers 
assumed that all the enhancement >las due to binding of Tb(III) at 
specific sites and sometimes that all the lanthanide >las bound at 
one type of site. The present study sho>ls that enhancement can occur 
even when there is nO specific binding. The effects found in this 
and other work may often be due to specific binding but the presence 
of many lanthanide binding sites On a protein may complicate the 
situation. In addition there may be energy transfer to One site 
from fluorophores at different distances from that site. Thus when 
Tb (Ill) fluorescence is considered it should be borne in mind that a 
very complicated set of interactions may be responsible for the 
effect. 
Since the production of a huge enhancement of Tb(III) fluorescence 
by proteins was a rare phenomenon it could be utilised in the 
development of a novel method for the determination of transferrin 
in serum. The success of the method with a complex mixture like 
serum is a further demonstration that large Tb(III) fluorescence 
enhancements are uncommon in biological systems. It is an 
illustration that analytical methods for cOMplex proteins may be 
developed by considering their unique properties. 
The 5% quenching of con A fluorescence by group 11 and some 
transition elements is probably the result of a conforMational change 
since the metals considered did not affect tyrosine or tryptophan 
emission. 28 Barber and Carver proposed that Ca(II) caused a gradual 
folding of the loop of residues 12 to 28 to isolate the Mn(II) site 
from the solvent. This folding Hould also affect the accessibility 
of some aromatic residues to the solvent and night account for the 
effect of metals on the fluorescence of con A. The greater quenching 
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(10'/0) observed with Tb(III) indicates that this metal causes the same 
changes as the others and in addition quenches through fluorescence 
energy transfer interaction. 
The increase in native con A fluorescence caused by zinc \~as 
unusual and not observed with any other metal-protein pair considered 
in the present study. Finazzi Agro et al~26 observed an enhancement 
of the native protein fluorescence of carbonic anhydrase by Zn(II) 
and attributed it to an interaction between the metal and tryptophan 
residues. 127 Hesketh and Flanagan also observed the enhancement of 
carbonic anhydrase fluorescence by zinc. Their investigations on 
model compounds indicated that a zinc-tryptophan interaction was 
involved and they proposed that Zn(II) chelates with the <X-amino 
group and prevents quenching of the amino acid fluorescence by 
NH3(i). The present finding that glycyltryptop~ not tryptophylglycine 
(where tryptophan is at the amino terminus) fluorescence is enhanced 
by Zn(II) indicates that the interaction may be more complicated. 
Since the enhancement of the native protein fluorescence by 
zinc is not commonly observed it is probably an artifact of some 
structural feature of the tryptophan environment. Like most of the 
Tb(III) fluorescence interactions with proteins, the Zn(II) interactions 
appear to require a huge excess of metal for maximum effect. This 
indicates that the Zn(II) interaction is not purely a consequence of 
direct interaction at a few metal sites. The mechanism of the 
binding or collision of the two metals with the proteins causing the 
observed fluorescence changes mayor may not be the same but the 
fluorescence interactions are clearly different. The zinc(rr) 
interaction involves tryptophan and the Th(III) interaction directly 
involves tyrosine (perhaps tryptophan is involved indirectly). Also 
the tHO metals' effects are not observed \~i th the same range of 
proteins. 
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Table 16 shows the distances between the tryptophan and tyrosine 
residues and between the aromatic amino acids and the protein metal 
si tes in con A. The following tyrosine-tryptophan pairs are less 
than 15 R apartj Tyr54, Trp182j Tyr67, Trp40; Tyr176,Trp88 and Tyr12 , 
Trp 40. \ifhen considering the interaction between Tb(III) and the 
tyrosine residues of con A, it should be borne in mind that several 
tryptophan residues are close enough to tyrosine residues to affect 
any tyrosine fluorescence energy transfer processes. The work on 
tyrosyltryptophan and tryptophyltyrosine suggests that energy transfer 
from tyrosine to Tb(III) can occur in the presence of adjacent 
tryptophan residues. The figures in Table 16 suggest that although 
tryptophan residues may not necessarily prevent tyrosine to Tb(III) 
energy transfer they may be close enough to have some influence on it. 
Several aromatic amino acids are close to the metal sites,Trp40 
is close to both the Ca(H) and Un(H) sites, Tyr12 and Tyr40 are 
close to both Ca(II) and Mn(II) sites, Tyr77 to the Mn(II) site and 
TyrlOO to the Ca(II) site. Thus, if some Tb(III) binding occurs at 
the Ca(II) or more probably the Mn(II) site several tyrosenes can 
donate fluorescence energy to Tb(III). Even if only a small fraction 
of the Tb(III) binds at say the Mn(II) site it will be close to 
several tyrosine residues and the energy transf~r_picture ~dll be 
very complicated. If some of the Zn(II) binds at the Ca(II) or 
Mn(II) sites it would certainly be close enough to Trp40 to interact 
with it. 
The final work using ESCA illustrates an alternative spectroscopic 
approach to the study of metal ions in proteins. The previous \~ork 
\~th Tb(III) and Zn(II) involved study of the fluorescence interactions 
of these metals \~hen they were introduced as foreign ions into 
protein systems. In the ESCA work a spectroscopic property of an 
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Table 16 
Interatomic Distances in con A. 
TRP 40 TRP 88 TRP 109 TRP 182 CA SITE HN SITE S3 SITE 
TYR 12 14.7 41.0 28.3 43.2 8.4 12.5 39.6 
TYR 22 11.6 38.4 28.5 38.4 12.9 11.1 43.2 
TYR 54 23.9 16.2 20.4 12.8 25.8 21.7 35.9 
TYR 67 6.7 33.6 18.3 38.1 15.4 15.7 29.2 
TYR 77 20.3 26.7 25.6 22.8 18.9 14.5 42.2 
TYR100 16.5 42.8 29.1 45.8 11.5 15.9 38.8 
TYR 176 32.1 14.4 15.0 24.1 32.7 32.1 16.2 
CA SITE 9.8 33.1 21.8 34.9 
l1N SITE 9.2 30.5 20.9 31.5 
S3 SITE 31.8 26.6 16.7 37.0 
The figures represent the distances in ~ bet\~een tyrosine and 
tryptophan or bet\~een the aromatic amino acids and metal sites. 
The distances were calculated from the X, Y and Z co-ordinates 
in ref 14 after conversion to the cartesian system by the factors 
given. The actual co-ordinates used for the acids \~ere those of OH, 
H~~CH2CH(NH3@)coQ9 for tyrosine and CZ3~~CH2CH(NH3~coQ3for 
tryptopnan 
The distance between A and B was calculated from:-
distance = JAX - BX)2 + (AY - By)2 + (AZ - BZ)2 
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indigenous metal, Mn(II) at its specific site in con A was investigated. 
The metal was observable by the technique in spite of being present 
at low concentration. Further ESCA study of metals in proteins may 
yield information about their metal sites. 
-107-
4. CONCLUSIONS 
4.1. GEl~ CONCLUSIONS 
The fluorescence interaction of lanthanides \~th proteins was 
investigated and many systems were found to enhance TbeIII) fluorescence. 
However, the interaction was not usually attribl1table only to 
interaction at a few specific binding sites, except in the cases of 
transferrin and related proteins. In the present study, an alternative 
collisional mechanism has been proposed,to account for the Tb(III) 
fluorescence enhancement and concomitant donor quenching \~th tyrosine 
and ribonuclease A. Tb(III) fluorescence enhancement was observed 
with several proteins, not only those with vacant metal binding sites. 
A huge Tb(III) fluorescence enhancement by a small metal:protein 
molar ratio only occurred with transferrin and related proteins. It 
was concluded that the Tb(III) enchancement given by many proteins 
was probably the result of a number of complex interactions, some at 
specific sites and some involving only collision between the metal and 
exposed fluorophores. Thus, the finding of enhanced lanthanide 
fluorescence in the presence of a protein should be examined critically 
before being taken as an indication that the metal ion is bound to 
specific sites on the protein. 
It has been shown that Tb(III) fluorescence enhancement can be 
attributed to interaction with tyrosine in the absence of tryptophan 
since tyrosine and class A proteins show the effect. !lowever, 
tryptophan may play some part in the energy transfer to Tb(III) 
in class B proteins. 
The rarity of the production of a huge Tb(III) fluorescence 
enhancement has been utilised in the development of a sensitive Method 
for the determination of transferrin. The method compares very 
favourably with other analytical methods used previously. 
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In considering the general effect of metals on con A fluorescence 
as u corollary to the Tb(III) work, it was proposed that many metals 
induced conformational changes in the protein. An enhancement of 
native con A fluorescence was observed on addition of Zn(II) to 
the protein. The effect was attributed to interaction between the 
metal ion and tryptophan. 
The EsCA work on Hn(II) in con A showed that the manganese was 
observable in spite of being contained in a large subunit. 
4.2. SUGGESTIONS FOR FURTHER WORK 
Some further investigations of Tb(III) fluorescence enhancement 
by proteins may give more information on the nature of the effect.-
Careful study of the interaction between Tb(III) and partially 
metallised con A (i.e. containing either Mn(II) or Ca(II) but not 
both ions) may give further information about the extent to which the 
. 
interaction takes place at these specific sites. Further studies 
of Tb(III) interaction in solutions containing other metals may be 
useful; a study of Tb(IIl) enhancement in the presence of Sm(IlI), 
which is known to bind at S3, may shm< if this site is involved. 
Studies on Tb(IIl) fluorescence enhancement by proteins denatured by 
heat or acid or enzyme cleavage may show which portion of the protein 
is responsible for the effect. Work using blocked tyrosine or 
tryptophan residues may yield information in the involvement of the 
two fluorophores and the structural features required for observation 
of the effect. If a fluorimeter were available on which excitation 
at 260nm could be utilised, the ability of phenylalanine to enhance 
Tb(IIl) fluorescence could be studied. 
The interaction of Tb(III) tiith transferrin and related proteins 
may be used in further studies of their metal sites ~ further 
investigation of the role of bicarbonate in Fe(III) binding. Since 
factor X appears to give a huge Tb(III) fluorescence enhancement, its 
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metal site could be examined for similarities ~dth the transferrin 
site. 
The routine examination of blood proteins may become more 
cO~Monplace as part of medical investigations. The method developed 
in this thesis \/ould be more suitable for automation than the 
procedures for the determination of transferrin in use today. Thus, 
if mass blood-protein screening were to be introduced, it may be 
worthwhi1e to consider adaption of the method for use in an auto-
analyser. 
The Zn(II) protein fluorescence interaction could be studied 
over a \v.ider range of proteins. Correlation between the observed 
effect and the relative exposure of the tryptophan residues or their 
proximity to tnI3Ei) groups could be investigated. 
Clearly the further use of ESCA on metals in proteins is 
worthwhile. Information on metal sites may be gained by comparison 
with the ESCA spectra of metal-amino acid complexes whose X-ray 
structures are known. CreIII) or Co(III) compounds which have a 
wider range of binding energies may give more information than 
can be obtained with MneII). Since the signal strength depends 
on the depth of the metal below the surface, investigation of a 
number of proteins could give information on the burying of metal 
sites. 
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